University of New Hampshire

University of New Hampshire Scholars' Repository
Master's Theses and Capstones

Student Scholarship

Spring 2010

Probabilistic seismic hazard analysis for acceleration-sensitive
nonstructural components attached to shear wall structures
Joshua Clayton
University of New Hampshire, Durham

Follow this and additional works at: https://scholars.unh.edu/thesis

Recommended Citation
Clayton, Joshua, "Probabilistic seismic hazard analysis for acceleration-sensitive nonstructural
components attached to shear wall structures" (2010). Master's Theses and Capstones. 540.
https://scholars.unh.edu/thesis/540

This Thesis is brought to you for free and open access by the Student Scholarship at University of New Hampshire
Scholars' Repository. It has been accepted for inclusion in Master's Theses and Capstones by an authorized
administrator of University of New Hampshire Scholars' Repository. For more information, please contact
Scholarly.Communication@unh.edu.

PROBABILISTIC SEISMIC HAZARD ANALYSIS FOR ACCELERATIONSENSITIVE NONSTRUCTURAL COMPONENTS ATTACHED TO SHEAR WALL
STRUCTURES

BY

JOSHUA CLAYTON
B.S., University of Maryland, 2008

THESIS

Submitted to the University of New Hampshire
in Partial Fulfillment of
the Requirements for the Degree of

Master of Science
in
Civil Engineering

May, 2010

UMI Number: 1485419

All rights reserved
INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

UMT
Dissertation Publishing

UMI 1485419
Copyright 2010 by ProQuest LLC.
All rights reserved. This edition of the work is protected against
unauthorized copying under Title 17, United States Code.

uest
A ®

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346

This thesis has been examined and approved.

Thesis Director, Dr. Ricardo A. Medina
Assistant Professor of Civil Engineering

1
Dr. Erin S. B e l T 0
Assistant Professor of Civil Engineering

Dr. Pedro A. de Alba
Professor of Civil Engineering

g / ) 0 / l Q
Date

ACKNOWLEDGEMENTS

This work was supported by the National Science Foundation through grant CMMI0753684. This financial support is greatly appreciated.

iii

TABLE OF CONTENTS

ACKNOWLEDGEMENTS

iii

TABLE OF CONTENTS

iv

LIST OF TABLES

viii

LIST OF FIGURES

ix

ABSTRACT

xiii

LIST OF ACRONYMS

xiv

CHAPTER
I.

II.

PAGE
INTRODUCTION

1

1.1 Background

1

1.2 Performance-based earthquake engineering (PBEE) methodology

4

1.3 Objectives and Scope..

7

ANALYSIS METHODOLOGY

13

2.1 Introduction and Purpose

13

2.2 Background/Literature Review

14

2.2.1 Studies regarding response quantification of NSCs

15

2.2.2 Studies relevant to probabilistic seismic hazard analysis

21

2.3 Shear Wall Structural Models

24

2.4 Ground Motions Used in this Study

30

2.5 Probabilistic Methodology

37

iv

2.5.1 Hypothesis and methodology

37

2.5.2 Probabilistic model

38

2.5.3 Nonlinear time history analyses

40

2.5.3.1 Ground Motion Scaling

40

2.5.3.2 Relative Intensity and Simulation

44

2.5.4 Floor response spectra

45

2.5.5 Incremental dynamic analysis

51

2.5.6 Component hazard curves

58

2.5.6.1 Evaluation of Four Region Model for
Flexible Components
2.5.7 Component Uniform Hazard Spectra (CUHS)

III.

60
63

2.6 Limitations of Methodology

70

COMPONENT UNIFORM HAZARD SPECTRA

72

3.1 Introduction

72

3.2 Effect of Ratio of Component Period to Structural
Fundamental Period

IV.

73

3.2.1 Flexible Components (SPR and FPR)

74

3.2.2 Rigid Components (PFA)

77

3.3 Location of the Component Within the Structure

77

3.4 Effect of Component Damping

80

3.5 Effect of Changing Hazard Level

84

3.6 Summary

91

ANALYSIS OF CURRENT CODE PROVISIONS

94

v

4.1 Introduction and Purpose

94

4.2 Background Regarding NSC Design Provisions

95

4.3 ASCE 7 Simplified Design Methodology for NSCs

97

4.3.1 In-structure amplification factor

98

4.3.2 Component response amplification factor

100

4.3.3 Component response modification factor

102

4.3.4 Component importance factor

103

4.4 In-structure Acceleration Amplification

103

4.4.1 Amplifications at the base of the structure

104

4.4.2 Amplifications at the mid height and roof level

Ill

4.4.3 Conclusions regarding in-structure amplification

115

4.5 Peak Floor Acceleration Demands

115

4.5.1 Combined impact of PGA estimation and in-structure
amplification factor
4.5.2 Conclusions regarding PFA estimation
4.6 Peak Component Acceleration Demands

118
121
122

4.6.1 Ratio of T C / T B I

130

4.6.2 Location of the component within the structure

132

4.6.3 Comparison of ASCE 7 PCA demands with probabilistic
Estimates for a site in Los Angeles, CA
4.6.4 Dispersion of component spectral acceleration responses

V.

135
139

4.7 Summary and Conclusions Regarding ASCE 7

141

SUMMARY AND CONCLUSIONS

145

vi

5.1 Probabilistic Methodology and CUHS

147

5.1.1 Probabilistic Methodology

148

5.1.2 Component Uniform Hazard Spectra

149

5.2 Evaluation of ASCE 7 design equations

151

5.3 Limitations of Current Study

154

5.4 Future Work

155

LIST OF REFERENCES

157

vii

LIST OF TABLES

Table 2.3-1. Model Modal Information

26

Table 2.3-2. Model Design Values

27

Table 2.4-1. Ground Motions Used in this Study

32

viii

LIST OF FIGURES

Figure 1-1. Typical Investments in Building Construction.

3

Figure 1-2. Examples of Nonstructural Component Damage

4

Figure 1-3. The PBEE-2 Framework

6

Figure 2.3-1. Structural Wall Models used in this Study

29

Figure 2.4-1. Screenshot of OpenSHA Hazard Curve

33

Figure 2.4-2. Site and Structure Specific Hazard Curves used in this Study

34

Figure 2.4-3. Scaled Median Response Spectrum of the 40 Ground Motions
used in this Study Compared to the FEMA 450 Design Spectrum

35

Figure 2.5.3.1-1. Statistical Representation of the Suite of 40 Ground Motions

42

Figure 2.5.3.2-1. Illustration of Relative Intensity

44

Figure 2.5.4-1. The Floor Response Spectrum Method

46

Figure 2.5.4-2. Median FRS for all RI Values at Various Floor Levels, 6-Story
Structure with T B i = 0.3s and 7 = 0.27

48

Figure 2.5.4-3. Four-Region Model for Flexible Components, 9-Story Structure
with T B i = 0.675s and 7 = 0.215

50

Figure 2.5.5-1. Hierarchy of Simulations for which FRS and IDA Curves are
Developed

53

Figure 2.5.5-2. Construction of a Single Incremental Dynamic Analysis
Curve for the Short Period Region, 6-Story Structure with
T B i = 0.6s and 7 = 0.243

55

ix

Figure 2.5.5-3. Statistical Representation of Multi-Record IDA Studies
for the Short Period and Fundamental Period Regions for the
6-Story Structure of Figure 2.5.4-2, TBI = 0.3s and y= 0.27

57

Figure 2.5.6-1. Construction of Component Hazard Curves using ID As
and Site and Structure Specific Hazard Curves

59

Figure 2.5.6.1-1. Component Hazard Curves at Various Floor Levels
using the Four-Region Model for Flexible Components, 9-Story
Structure with T B I = 0.675s and 7 = 0.215

62

Figure 2.5.7-1. FPR Component Uniform Hazard Spectrum for the
50/50 Hazard Level

64

Figure 2.5.7-2. 3-Story Component Hazard Curves used to Create
the CUHS in Figure 2.5.7-1

65

Figure 2.5.7-3. 6-Story Component Hazard Curves used to Create
the CUHS in Figure 2.5.7-1

66

Figure 2.5.7-4. 9-Story Component Hazard Curves used to Create
the CUHS in Figure 2.5.7-1

67

Figure 2.5.7-5. 12-Story Component Hazard Curves used to Create
the CUHS in Figure 2.5.7-1

68

Figure 2.5.7-6. 15-Story Component Hazard Curves used to Create
the CUHS in Figure 2.5.7-1

69

Figure 3.2-1. 50/50 CUHS Comparing Component Period Regions
at Varying Floor Levels

76

x

Figure 3.3-1. 50/50 CUHS for each Component Period Region
Comparing Relative Heights
Figure 3.4-1. Effects of Variation in Component Damping Ratios

79
83

Figure 3.5-1. CUHS for each Component Period Region
for Varying Hazard Levels
Figure 3.5-2. Roof Level CUHS Normalized by 50/50 PCA Values

86
88

Figure 3.5-3. Second Floor Level CUHS Normalized by 50/50
PCA Values

89

Figure 3.5-4. Effects of Varying Hazard Levels for Flexible Components

91

Figure 4.3.1-1. Observed In-structure Amplification Factors

100

Figure 4.4-1. 3-Story In-structure Amplification Factors vs. ASCE 7 Estimate

106

Figure 4.4-2. 6-Story In-structure Amplification Factors vs. ASCE 7 Estimate

107

Figure 4.4-3. 9-Story In-structure Amplification Factors vs. ASCE 7 Estimate

108

Figure 4.4-4. 12-Story In-structure Amplification Factors vs. ASCE 7 Estimate

109

Figure 4.4-5. 15-Story In-structure Amplification Factors vs. ASCE 7 Estimate

110

Figure 4.4-6. In-Structure Amplification Factors for Moment Resisting
Frame Structures
Figure 4.5-1. Median PFA Normalized by ASCE 7 Estimate

114
117

Figure 4.5.1-1. Median PGA Normalize by ASCE 7 Estimate (Median
PGA/0.4 S DS )

119

Figure 4.6-1. 3-Story PCA Demands vs. ASCE 7 Estimate

125

Figure 4.6-2. 6-Story PCA Demands vs. ASCE 7 Estimate

126

Figure 4.6-3. 9-Story PCA Demands vs. ASCE 7 Estimate

127

xi

Figure 4.6-4. 12-Story PCA Demands vs. ASCE 7 Estimate

128

Figure 4.6-5. 15-Story PCA Demands vs. ASCE 7 Estimate

129

Figure 4.6.2-1. Dynamic Component Amplification Factors

134

Figure 4.6.3-1. FPR Probabilistic PCA Demands vs. ASCE 7 Estimate

137

Figure 4.6.3-2. SPR Probabilistic PCA Demands vs. ASCE 7 Estimate

138

Figure 4.6.4-1. Variability in PCA Demands Relative to the Median

141

xii

ABSTRACT

PROBABILISTIC SEISMIC HAZARD ANALYSIS FOR ACCELERATIONSENSITIVE NONSTRUCTURAL COMPONENTS ATTACHED TO SHEAR WALL
STRUCTURES
by
Joshua Clayton
University of New Hampshire, May, 2010

This thesis focuses on quantifying demands for acceleration sensitive nonstructural
components (NSCs) attached to inelastic shear wall structures.

The proposed

probabilistic method lends itself to performance based engineering (PBE), which can
mitigate casualties, injuries, and property losses through the identification of performance
target and the explicit quantification of seismic performance by taking into account the
most important sources of uncertainty in seismic behavior prediction. These performance
targets are quantified using component uniform hazard spectra (CUHS), which identify
acceleration values that have constant mean return periods.

This method is used to

evaluate trends in CUHS, and is compared to ASCE 7 design estimates of component
seismic lateral forces. In addition, the results from this study demonstrate that ASCE 7
criteria (a) do not provide estimates of component demands with a constant reliability
level, and (b) may not always provide conservative estimates of maximum lateral force
demands for the design of acceleration-sensitive components in buildings.
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CHAPTER I

INTRODUCTION

1.1 Background

Nonstructural components (NSCs) are those components within a structure that are
attached to or suspended from the structure, but do not contribute to the structure's main
lateral force resisting system. Nonstructural components may be subjected to significant
seismic loads during earthquake events, and must rely on their own structural
characteristics or the characteristics of their connections to resist these forces (Villaverde,
1997). Components can be classified with regard to their failure mechanism, categorized
into acceleration-sensitive, displacement- or drift-sensitive, or both acceleration- and
displacement-sensitive NSCs. Examples of NSCs of each of these types are parapets,
suspended ceilings, light fixtures (acceleration-sensitive), partition walls, windows, doors
(displacement-sensitive), piping, sprinklers, and precast elements (acceleration and
displacement sensitive).

NSCs within the scope of this research correspond to

acceleration-sensitive components only.

Damage to NSCs during seismic events can increase risks to life safety, property loss,
and functionality of important structures. The current design basis of NSCs is primarily
concerned with designing components and their attachments to minimize the threat to life
safety (Ghobarah, 2001). Nonstructural components may partially or fully detach from
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the main structure during seismic events and pose a life safety threat to building
occupants.

A pedestrian was killed during the 1987 Whittier Narrows earthquake in

California when a precast concrete panel fell and hit him from the building above
(Villaverde, 1997).

Similarly, during the 1994 Northridge earthquake, several high

schools reported failures of suspended ceilings and light fixtures, which collapsed and
covered classrooms with debris (FEMA 74, 1994).

These instances are rare, however, as NSCs within buildings designed to current codes
generally perform well from a life safety perspective. However, damage to structures,
economic losses, and repair costs were unexpectedly high during seismic events such as
the 1994 Northridge and 1995 Hanshin-Awaji earthquakes. (Ghobarah, 2001). Evidence
of past earthquakes has repeatedly shown that the cost associated with the loss of the
NSCs themselves combined with the loss of inventory and business income during
downtime easily exceeds the replacement costs of the entire structure (Villaverde, 1997).
For example, a survey of 25 commercial buildings damaged during the 1971 San
Fernando valley earthquake indicated that 90% of the property loss during the event was
related to exterior and interior finishes, while only 3% was related to structural damage
(FEMA 74, 1994). This fact is not surprising considering that nonstructural contents and
components generally dominate the value contained within a building, making up 82%,
87%, and 92% of the value contained within offices, hotels, and hospitals, respectively as
shown in Figure 1-1 (Taghavi and Miranda, 2003). Furthermore, in the 1994 Northridge
earthquake, the cost incurred as a result of damaged nonstructural

components
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represented over 50% of the total damage cost of $18.5 billion for that event (Kircher,
2003).

m Contents
• Nonstructural
• Structural

Office

Hotel

Hospital

Figure 1-1. Typical Investments in Building Construction
(after Taghavi and Miranda, 2003)

Another consideration beyond the life safety level of design is the loss of functionality of
an important facility.

Structures such as hospitals are intended to remain functional

following a seismic event, and failures of NSCs and/or their attachments may prevent the
structures from performing at the required level of service. During the 1994 Northridge
earthquake, 10 hospital facilities had to close temporarily, evacuate, or transfer patients
due to their inability to perform post-earthquake operations. These facilities generally
had little or no structural damage, but were rendered inoperable due to failures within
piping systems causing water to flow throughout the structures for several hours (FEMA
74, 1994). Examples of damaged NSCs as a result of seismic excitation can be seen in
Figure 1-2.
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Figure 1-2. Examples of Nonstructural Component Damage (www.atcouncil.org)

From these observations, it is evident that while the design level for components appear
to be generally adequate in terms of minimizing the threat to life safety, its shortcomings
are apparent when considering the prevention of property loss and loss of functionality.
To address these issues, research efforts are placing greater focus on the development and
application of performance-based engineering for components.

1.2 Performance-based earthquake engineering (PBEE) methodology

The approach developed in this study is based on the probabilistic estimation of peak
(component spectral acceleration) demands by taking into account the record-to-record
(RTR) variability of structural responses to earthquakes. This approach is consistent with
performance-based

earthquake

engineering

(PBEE)

concepts

that

incorporate

a

performance-based design philosophy that addresses the need for design criteria that
include the most important sources of variability.

This philosophy is capable of

extending beyond the life safety level to meet stated performance objectives. PBEE is
intended to explicitly consider seismic risk and to develop methodology that has a strong
scientific basis and expresses options to stakeholders to make informed decisions
4

(Whittaker et al, 2004).

This approach allows building owners to make educated

decisions regarding the costs they are willing to pay to achieve increasing seismic safety
when measured in terms of dollar losses or facility downtime (May, 2007). For example,
an engineer could use probabilistic estimates of component acceleration (the engineering
demand parameter of this study) to design attachments for components with a given
probability of being exceeded in a given period.

In the application of the design and evaluation methodology for NSCs, adequate
performance-based design criteria must be identified in order to minimize the threat to
property losses and the potential for loss of functionality. In the pursuit of this goal, the
the NSF-sponsored Pacific Earthquake Engineering Research (PEER) Center instituted a
research program to establish the bases for the development of a PBEE methodology.
This framework is referred to as PBEE-2, and is described within a task report provided
by the Applied Technology Council (Whittaker et al, 2004). The current study is focused
on developing a methodology based on this framework that can identify acceleration
values with a predefined level of seismic hazard, as well as discussing the trends of the
probabilistic estimates that are produced by the methodology. This process is intended to
consider the variability inherent to seismic analysis and is shown in Figure 1-3. The
research conducted in this study concerns only the first two steps of this process,
however, the full process is described below for completeness.
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Figure 1-3. The PBEE-2 Framework (Whittaker et al, 2004)

The first step of PBEE-2 involves the definition of one or more ground motion intensity
measures (IMs) based on structural characteristics such as the location or design of a
structure.

These IMs are intended to capture the most important characteristics of

earthquake motions that impact the response of structural or nonstructural components
(Whittaker et al, 2004). An intensity measure could relate to ground motion parameters,
such as peak ground acceleration (PGA), peak ground velocity (PGV), or peak ground
displacement (PGD). The intensity measures could also be a response quantity, such as
spectral

acceleration

(Sa),

spectral velocity

(Sv), or spectral displacement

(Sd)

(Sankaranarayanan, 2007). The IMs are dependent on the location of the structure, as
well as the characteristics of the design of the structure. During this step in the PBEE-2
process, the definition of facility information (i.e. location and design, O, D in Figure 13) is combined with the probability of an IM being exceeded given facility information
(i.e. p[IM|0,D]) to define the probability of that Intensity Measure being exceeded (i.e.
p[IM] in Figure 1-3). Within the scope of this study, the IM is defined as the spectral
acceleration of the ground motion at the first mode period of the structure (S a (T B i)).
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The second step of the process involves the definition of Engineering Demand
Parameters (EDPs).

This step involves combining the probability of an Intensity

Measure being exceeded (product of step 1) with the probability of the EDP being
exceeded given an IM (i.e. p[EDP|IM]) to define the probability of the EDP being
exceeded (i.e. p[EDP] in Figure 1-3). EDPs represent the response of the NSC within the
structure to a ground motion. EDPs in this study are represented by component spectral
accelerations through the development of floor response spectra.

The third step in the process involves quantifying the damage each component would
experience as a result of it experiencing a given level of EDP, whose probability of being
exceeded was determined in the previous step. Once the probability of a certain level of
damage is determined, p[DM], decision variables (DV) are defined in step four to relate
damage estimates into quantities that can be used to represent decisions regarding seismic
risk. These decision variables can be related back to the primary goals of PBEE, life
safety, property loss, and loss of functionality. At this point in PBEE-2, these decision
metrics are now identified in a probabilistic manner, which useful to an owner in making
decisions relating to NSCs and their attachments where costs and benefits can be
explicitly expressed.

1.2 Objectives and scope

While much of the focus concerns the development of the probabilistic methodology, the
results obtained from simulations performed in this study can be used to evaluate current
U.S. code provisions as well as compare factors used in design to those obtained through
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dynamic simulation results. This evaluation is used to identify areas in which the current
design methodology may be underpredicting demands to increase its efficiency in
achieving its goal (e.g., life safety), as well as identify the advantages of the use of
performance-based engineering approaches. Therefore, the objectives of this thesis are
threefold:
1) To develop a probabilistic methodology to quantify peak component acceleration
demands by taking into account the aleatory variability in the process,
2) to use this method to identify probabilistic acceleration demands in the form of
component uniform hazard spectra (CUHS), and
3) to use results obtained using the methodology to evaluate ASCE 7 estimates of
seismic lateral loads in order to identify potential inadequacies.

The dynamic simulations used in the pursuit of these objectives explicitly consider
several structural and nonstructural parameters known to play an important role in
determining component response.

Studies have been performed to identify these

parameters in moment resisting frames, and the same parameters are evaluated in this
study to determine their impact on the results of NSCs contained within structures with
structural walls (Sankaranarayanan and Medina, 2007).

Some of these parameters

identified by the studies are the modal periods of the primary structure, the location of the
component within the building, component damping levels, and the level of inelasticity in
the supporting structure (Medina et al, 2006).

Each of the structural and nonstructural

parameters evaluated in this study and their influence on NSC responses are discussed in
greater detail in Chapters II, III, and TV of this thesis. One of the foci of this thesis is
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driven by the fact that the current ASCE 7 design criteria do not aim to mitigate damages,
preserve functionality, or prevent property losses, and do not explicitly account for
several of the parameters listed above in the estimation of NSC demands. As a result, a
theme common to each objective is the necessity of accounting for and understanding the
impact of each of the factors that have been shown to be relevant in the estimation of
component responses.

Additionally, it should also be noted that the major difference

between performance based design and current design methodologies for NSCs is that
probabilistic demand estimates identify NSC accelerations with constant reliability levels.
Because traditional methods (such as that described in ASCE 7) do not account for record
to record variability of responses or factors such as the design or location of the structure,
they are unable to present demands in this manner.

Previous studies have evaluated the response of this type of NSC in various types of
structures (primarily concrete and steel moment resisting frames) in the elastic and to a
lesser degree, the inelastic domain. To this end, this study focuses on the evaluation
NSCs attached to inelastic shear wall structures and the assessment of code estimates for
these structures. Further, fewer studies have expanded these results through the use of
site specific hazard curves to obtain probabilistic acceleration demands.

These

probabilistic acceleration demands will be represented in the form of component hazard
curves, defining the probability of exceeding a given component spectral acceleration, the
engineering demand parameter of choice, for a given structure and a given site. These
component hazard curves will be expanded into component uniform hazard spectra
(CUHS). CUHS represent the second objective of this study, and use component hazard
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curves to relate structural parameters (in this case the fundamental period of the building
(T B I)) to values of component spectral acceleration that correspond to a constant mean
annual rate of exceedence (Asac)-

The trends in the CUHS created in this study are

evaluated with respect to the aforementioned structural and nonstructural parameters.
Chapter II discusses the manner in which each of these parameters is accounted for in
each of the simulations. The results in Chapters III are presented such that the impacts of
the parameters can be evaluated as they relate to the probabilistic acceleration demands
(CUHS), and as they relate to ASCE 7.

The values used for the evaluation of ASCE 7 and for the definition of probabilistic
acceleration demands apply only to nonstructural components that can be represented as
elastic single degree of freedom (SDOF) systems attached at one point with negligible
mass when compared to the total mass of the building. The results are obtained for
structures utilizing shear wall lateral load resisting systems only. Additionally, each of
these estimates applies only to structures located at a representative site in Los Angeles,
California, among other constraints discussed in Chapter II.

Chapter II provides background information regarding relevant studies performed on
nonstructural components and how they relate to this research. Chapter II also explains
assumptions relating to the modeling of structural walls, the selection and definition of
each of the structural and nonstructural parameters being evaluated, the selection of
ground motions, as well as the site seismic hazard curves. It also provides explanations
regarding

each step of the methodology,

including response history

analyses,
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development of floor response spectra, incremental dynamic analyses, and the
development of component hazard curves and component uniform hazard spectra.

Chapter III discusses the probabilistic results obtained using the methodology described
in Chapter II in the form of component uniform hazard spectra (CUHS).

Component

uniform hazard spectra results are evaluated as they relate to the parameters discussed
above. The results indicate that the CUHS behavior can change dramatically depending
on whether the component is in tune with the first or higher modal periods of the
structure, and that the location of the component plays a major role its acceleration
response. It is also demonstrated that decreasing the damping levels or increasing the
seismic risk increases acceleration demands.

The CUHS are primarily evaluated

regarding their trends rather than their acceleration values because the probabilistic
estimates are applicable to one location only.

However, the trends in the CUHS are

expected to remain the same with variation in location.

Chapter IV evaluates the ASCE 7 nonstructural component force design criteria through
comparison with the results obtained using the response history analyses and floor
response spectra. This chapter evaluates the code estimates for peak floor accelerations,
in-structure amplification factor, and component amplification factor.

The ASCE 7

estimates of seismic lateral forces are also compared to some of the results obtained
through the methodology discussed in Chapter III to compare the code as it relates to
acceleration estimates with a given mean return period, and to illustrate the advantage of
the application of performance based engineering.

Unlike Chapter III, in Chapter IV
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individual acceleration results are compared to design levels because both the
probabilistic and code estimates of acceleration represent the same site, and probabilistic
values representative of the design level ground motion can be compared to design values
to identify the relationship between the two.

Chapter V summarizes the study and lists the main conclusions drawn from the results of
the study as they relate to the development of the methodology, component uniform
hazard spectra, and the evaluation of current code provisions. This chapter also discusses
future recommendations for research directions.
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CHAPTER II

ANALYSIS METHODOLOGY

2.1 Introduction and Purpose

The purpose of this chapter is to provide background information regarding current
studies relating to nonstructural components and to illustrate the methodology used to
define probabilistic acceleration demands for NSCs. NSCs within the context of this
study refer to acceleration-sensitive components that can be modeled as single-degree-offreedom (SDOF) systems.

The response of the NSCs is recorded through the

development of Floor Response Spectra (FRS) for each of the shear wall lateral load
resisting system structures. The structures range in height from 3 to 15 stories, for each
of which several models are produced to represent various stiffness levels. The models
are exposed to 40 recorded far-field ground motions, and each is scaled to quantify the
effects of increasing earthquake intensity (and the resulting inelasticity of the primary
structure). In addition to inelasticity, parameters such as component damping, structure
height, structure stiffness, component location along the height, and the ratio of
component period to structural modal periods are considered in the methodology.
Probabilistic estimates are determined through the use of site- and structure-specific
ground motion hazard curves combined with incremental dynamic analysis (IDA) to
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determine component hazard curves and component uniform hazard spectra (CUHS).
These results are also be used to evaluate ASCE 7 design criteria for accelerationsensitive components.

2.2 Background/Literature Review

Many studies have been undertaken to increase the knowledge base regarding the seismic
response of NSCs over the past 4 decades. The Vast majority of these studies were driven
by the need to guarantee the survivability and functionality of NSCs in highly critical
structures, namely nuclear power plants. It is important to understand NSC responses as
it is well known that accelerations experienced by NSCs can far exceed peak ground
accelerations (PGA); NSCs are exposed not only to the in-structure amplification of
PGA, but also amplification of the floor accelerations when the period of the component
is close to any of the modal periods of the primary structure (Sankaranarayanan, 2007).
Various methods have been proposed since the 1970s to quantify these effects for NSCs
in nuclear power plants and other structures, some of which are very time consuming,
inefficient, or inaccurate (Villaverde, 1997). In the interest of reducing threats to life
safety, property loss, and loss of functionality, many studies have been undertaken to
identify simpler and more efficient methods to analyze NSCs.

Studies regarding the

effects of inelasticity of the primary structure on acceleration responses of NSCs, the
development of attenuation relationships for ground motions under certain conditions,
and the identification of relationships between seismic intensity and component responses
will be discussed in the following sections.
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2.2.1 Studies regarding response quantification of NSCs

One of the first methods to be developed for analysis of NSCs is referred to as the Floor
Response Spectrum (FRS) method, also referred to as systems-in-cascade method. In this
method, the acceleration time history at each floor of the structure is recorded and used to
generate a response spectrum through means of a step-by-step integration procedure. The
Nuclear Regulatory Commission accepted the use of the FRS method within given
constraints, as the results it obtains are generally conservative (Singh, 1974).

This

method was found to be inaccurate for NSCs with large mass ratios, as massive NSCs
would provide dynamic feedback to the primary structure, which would not be accounted
for in the systems-in-cascade approach. This is to say that the method does not take into
account the fact that the response of the NSC may modify the response of the primary
structure and vice versa (Villaverde, 1997).

Additionally, studies have shown that

primary and secondary systems can vibrate out of phase, a phenomenon that is not always
accounted for in the FRS method (Igusa and Kiureghian, 1985). However, Igusa and
Kiureghian (1985) determined that the FRS method provides accurate results within
constraints concerning resonance between the NSC and the primary structure and the
damping levels of the primary and secondary structures.

This relationship is shown

below in Equation 1 where interaction effects must be considered when the following
inequality is satisfied:
4 B2
Y > e (4 + — — 2 ) ^
i.Sp+SsJ

Equation 1

where 7 represents the mass ratio of the secondary to the primary structure, /3 is a tuning
parameter representing the degree of resonance between the component and primary

structure, and

and £p represent the damping ratio of the secondary and primary

structure, respectively. A conservative approach can be taken, setting /3 equal to zero in
Equation 1, assuming full resonance to determine the limit at which interaction must
conservatively be considered. This approach is used in the context of this study, as NSCs
are assumed to have negligible mass when compared to the overall mass of the structure
(i.e. < 1%). This conclusion is also supported by work performed by Sankaranarayanan
in 2007, which concluded that results obtained for mass ratios less than 1% are not
significantly affected by dynamic interaction. As such, problems with resonance or mass
interaction effects will not impact the results of this study.

Several studies focused on correcting the FRS method to account for dynamic interaction
and resonance when the constraints of Equation 1 were not met. However, although
more accurate through the use of approximations to correct for resonance and mass
interaction effects, the method was found to be impractical due to its inefficiency in that
it required lengthy integration processes (Villaverde, 1997). As a result, many of the
methods that followed were aimed at limiting the extensive computational effort needed
for an analysis and developing methods for NSC responses that include dynamic
interaction effects. These methods obtain the response of the nonstructural component
through the use of random vibration analysis of the combined system, assigning dynamic
properties to the separate components, and using a combination rule to obtain their
combined effects. Many such methods have been proposed, each of which differ mainly
in the assumptions made to simplify the procedure and the method of component
synthesis to obtain properties of the combined system (Villaverde, 1997).
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Due to the shortcomings of many of the numerical approximation methods and the lack
of reliable data from "actual" nonstructural components during seismic events, the
University at Buffalo (SUNY) designed a nonstructural component simulator in which
full scale, anchored, or self supported building contents could be exposed to recorded
ground motions (Mosqueda et. al., 2009). More importantly, the simulator is capable of
evaluating systems that are both acceleration- and displacement/drift-sensitive, which can
be studied under realistic loading conditions to determine controlling factors for specific
components.

The simulator could also be used to evaluate the dynamic interaction

between actual components and the primary structure to better determine mass ratios that
affect structural responses. However, despite the advantages provided by the simulator
with regards to simulation with "real" NSCs, the simulator is financially limiting in that it
is not practical for use when large numbers of simulations are required. For this reason,
simulation does not lend itself to processes required for the probabilistic methodology
used in this study, such as incremental dynamic analysis (IDA). This process is discussed
in detail in later sections.

Although these methods have been proposed to address time constraints, computational
limitations, and the applicability of the FRS method, the use of the FRS method is
required in this study due to the large number of simulations required and the structural
degradation resulting from inelasticity.

Response history methods, such as the floor

response spectrum method, will provide the most accurate representation of floor
acceleration time histories used to develop FRS and are better suited for this type of
study. Further, issues regarding dynamic mass interaction effects are addressed as shown
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previously via Equation 1. The use of the FRS method for the simulations also provides
results that can be used to evaluate the ASCE 7 NSC design equation as discussed in
Chapter I.

Peak floor accelerations, peak component accelerations, peak ground

accelerations, as well as in- structure amplification factors calculated from these values
provide the means to directly evaluate the code with dynamic simulation results.

The estimation of peak floor accelerations is important in understanding the response of
rigidly attached NSCs.

The quantification of PFA demands is important within the

context of this study because PFA is essentially the PGA of a floor response spectrum; it
represents the acceleration that would be experienced if the NSC were infinitely stiff.
Estimation of peak floor accelerations is important in this study not only because PFAs
are used in the evaluation of rigidly attached NSCs, but also due to the fact that the code
estimation of peak component acceleration (PCA) values are computed through the
amplification of this value. Several studies have focused on the generation of peak floor
accelerations (PFA) in buildings that include effects of inelasticity. A method developed
by Rodriguez et. al. (2002) estimated PFAs in structural wall systems, and used the
approach to estimate PFA when the primary structure experiences inelasticity. The study
considered inelasticity of shear wall primary structures using scaled ground motions to
determine the impacts of inelasticity on development of PFA. The study concluded that
in-structure amplifications decreased with increasing inelasticity and that the reduction is
the greatest near the roof level of the primary structure. In addition, it was shown that the
behavior of the ratio PFA/PGA (in-structure amplification of PGA) was relatively
constant for elastic responses, but decreased with increasing inelasticity.

Rodriguez

18

(2002) also presented an approximate "First Mode Reduced" method to estimate PFA
with respect to the height of the structural wall systems, which was shown to be
conservative. Politopoloulos and Feau (2007) also studied the effects of inelasticity on
the response of NSCs. They analyzed floor response spectra in inelastic structures by
using SDOF primary structures, where they also concluded that floor spectral
acceleration values decrease with increasing inelasticity. However, while applicable to
inelastic structural design, these methods would not provide precise estimates of floor
accelerations and would only cap these values.

In this study, by recording floor

acceleration time histories, floor response spectra can be accurately measured and used
for the evaluation of several ASCE 7 factors in the design equation as well as in the
development of probabilistic estimates of accelerations, which are also useful for
conducting seismic performance assessment studies.

The utilization of the FRS method to study the effect on NSCs of inelastic primary
structures has been used by Medina and Sankaranarayanan (2007) for moment resisting
frames. This study used the FRS method to analyze low-mass SDOF NSCs attached to
moment resisting frames of various heights by exposing them to scaled ground motions,
similar to the methodology used in this study. The floor response spectra of the SDOF
systems for each inelastic run were compared to those of an elastic run to determine the
effects on acceleration demands due to inelasticity.

This study also concluded that

inelasticity generally reduces the acceleration response of NSCs near the fundamental
period of the structure and identified several important factors in their analysis.
Parameters determined to have significant impact on the response of NSCs determined in
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this study were component damping ratio, relative height, stiffness, strength, and ratio of
component period to the fundamental and higher modal periods of the primary structure.
As a result, these effects will be included in the current study of shear wall structures to
evaluate their impacts on probabilistic estimates, as well as the adequacy of the ASCE 7
component seismic design lateral force equation.

In order to obtain accurate results from the simulations, special consideration must be
given to the application of damping in the inelastic range. Zareian and Medina (2010)
studied the effects of inelasticity on the application of Rayleigh damping.

The study

addressed the problem that conventional modeling of this type of damping generally
generates unrealistic damping forces in the response of inelastic structures due to the fact
that the stiffness proportional damping coefficient is applied to the initial system, and
does not account for stiffness degradation throughout the response history analysis. This
inadequacy in the application of Rayleigh damping could result in underestimation of
peak

displacement

demands,

overestimation

of

peak

strength

demands,

and

underestimation of collapse potential. A new approach was proposed that avoids this
limitation by modeling each element as one elastic flexural beam element with rotational
springs at the beam ends. Stiffness proportional damping is applied to the elastic beam
element, and no stiffness proportional damping is applied to the rotational elements. This
work is especially relevant to the current study, as this study provides a means of
evaluating inelasticity of the primary structure during response history analyses without
introducing error inherent to conventional Rayleigh damping applications for inelastic
structures.
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2.2.2 Studies relevant to probabilistic seismic hazard analysis

Methods concerning probabilistic seismic hazard analysis (PSHA) require the generation
of attenuation relationships, or empirical ground motion models that predict the
exceedance of given intensity measures. Several studies have been performed to better
determine these relationships under certain conditions, which include, but are not limited
to oscillator period, moment magnitude, source-to-site distance, and the type of faulting
common to a region. Some of these studies include relationships for large magnitude
"megathrust" earthquakes (Megawati and Pan, 2009), for relationships for large sourceto-site distances (Chandler and Lam, 2004), and for the prediction of intraplate
earthquakes (Dahle et. al. 1990).

In 1997, Abrahamson and Silva proposed an

attenuation relationship for shallow crustal earthquakes (i.e. western United States) using
a database of 655 ground motion recordings from 58 earthquakes. This model generated
relationships to estimate average vertical and horizontal spectral response values. More
recently in 2008, PEER published several newer versions of "older" models like the 1997
Abrahamson and Silva attenuation relationship as part of the Next Generation
Attenuation of Ground Motion (NGA) project.

Several new relationships were proposed, including those by Boore and Atkinson (2008)
and Idriss (2008). The attenuation relationship used in this study was also published as
part of the NGA project by Campbell and Bozorgnia (2008). The model is capable of
predicting peak ground acceleration (PGA), peak ground velocity (PGV), peak ground
displacement (PGD), response spectral acceleration (Sa) and displacement (Sd).

The
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model is considered valid for a wide range of structural periods ( 0 - 1 0 seconds) and
earthquake magnitudes (4.0 - 8.0). This attenuation relationship will be utilized in this
study to relate ground motion spectral accelerations to their probability of being exceeded
at a given site. Additionally, in an effort to form a more complete understanding of
earthquake hazard given the multitude of attenuation relationships, earthquake rupture
forecasts, fault models, etc., Field et al. (2003) developed an application for a community
modeling environment for seismic hazard analysis - OpenSHA.

This application is

capable of using many combinations of these variables and aids in the generation of siteand structure-specific hazard curves used in this study.

The basis for probabilistic demand estimation is provided by the combination of floor
response spectra and site specific hazard curves obtained through the use of the above
mentioned attenuation relationship. The FRS obtained from scaled ground motions will
be used to develop incremental dynamic analysis (IDA) curves, developed by
Vamvatsikos and Cornell (2002).

Although mainly applied to primary structures to

determine drift and collapse capacities, the method has been implemented in this study to
determine the conditional probability of exceeding peak component acceleration demands
given a the spectral acceleration at the first-mode period of the structure.

The IDA

method involves subjecting structural models to a suite of ground motion records, each of
which is scaled to multiple levels of intensity to define the relationship between an
engineering demand parameter (EDP) versus the intensity level that produced that
response. This part of the PBEE-2 framework is represented graphically as the second
step in Figure 1-3.
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Similar approaches have been used in the past to estimate probabilistic responses and
capacities of structures based on drift. Tagawa et. al (2008) evaluated one and two way
frame structures to calculate fragility curves to capture structure performance. Another
study utilized a probabilistic

framework

for drift to estimate maximum inelastic

displacement demands for performance-based design (Ruiz-Garcia and Miranda, 2007)
This study used seismic hazard curves to compute maximum demands and uniform
hazard spectra for drift. The probabilistic framework used the study is analogous to the
one being used in this study to evaluate NSC probabilistic acceleration estimates, as the
study calculated drift hazard based on displacement demands rather than acceleration
hazard based on component spectral accelerations.

The studies referenced in this section provide the basis for the methodology used to
evaluate models of shear wall structures used in this work.

Through the use of

simulations and the development of floor response spectra, this methodology will
quantify peak floor acceleration and peak component acceleration demands that can be
used to evaluate the effects of several structural and nonstructural parameters on their
behavior and magnitude given certain conditions. The floor response spectra can also be
used to conduct incremental dynamic analysis curves, which can be combined with site
specific hazard curves to provide probabilistic estimates of acceleration demands that
consider these parameters.
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2.3 Shear Wall Structural Models

It is well established that a variety of structural and nonstructural parameters influence
the acceleration demands experienced by nonstructural components (Medina et al., 2006).
These parameters include but are not limited to first mode and higher mode frequencies
of the primary structure, structural damping effects, component damping effects,
inelasticity of the primary structure, location of the component within the structure, and
component stiffness.

In this study, numerical models of structural systems and

nonstructural components that account for variations in these characteristics are used to
quantify the contribution of each parameter to the estimate of the response of NSCs in
terms of peak component acceleration demands.

Two dimensional models with number of stories, N, are used in which constant story
heights of ten feet are used throughout the height of the structures. Models used in the
simulations represent five building heights (3, 6, 9, 12, and 15 stories). In the models,
elastic beam-column elements with nonlinear rotational springs at the ends are used to
represent the structures.

The nonlinear rotational springs are defined by a moment-

rotation relationship exhibiting peak-oriented (stiffness degrading) hysteretic behavior.
The reader is referred to the literature regarding discussion of the peak-oriented hysteretic
model. Strain hardening effects are not considered in this study. To apply this damping
KuK
model, total stiffnesses were calculated using KT =

where K T is the system

equivalent stiffness, Kb and K s are the beam and spring stiffnesses respectively.
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The application of damping requires the definition of a ratio between spring and beam
stiffnesses, n. In order obtain accurate time history results for shear wall structures, this
ratio should not exceed a value of 5 (Zareian and Krawinkler, 2009). With a defined ratio
(n), the stiffness proportional damping coefficient (/?, referring to the calculation of the
damping matrix, c in structural dynamic analysis, [c] = o(m] + /3[k]) can be modified to
obtain a coefficient for the beam that is representative of the new system (/3'), which can
be used to analyze structures in the inelastic domain (Zareian and Medina, 2010). The
method also requires that the stiffness coefficients (Sii, Sij) within the stiffness matrices
be modified to force the response of the system to match that of an elastic beam, which
also depends on the chosen value of the ratio.

All models in this study use this method to achieve 5% damping at the first mode period
of the structure, and the mode at which 95% cumulative mass participation is attained.
The mode at which this is achieved varies by building heights; for the 3-story structures
by the second mode, but is not achieved for the 12- and 15-story structures until the fifth
mode. Similar information can be found in Table 2.3-1 at the end of this section for the
remaining structures. The response of the models is dominated by the

first-mode

response, as represented by the effective modal masses for each of the first three modes
shown in Table 2.3-1.

This value ranges from about 0.63 for taller, more flexible

structures to about 0.73 for shorter, stiffer structures. Because second mode effective
modal masses are similar for all structures (ranging from 0.19 to 0.21), shorter structures
have a higher proportion of modal mass in the first mode and respond in this manner.
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Table 2.3-1. Model Modal Information
Modal Periods (s)
N u m b e r of Stories, N

0.05N
3

6

9

12

15

M o d e w i t h 95% Mass

Model

Effective Modal Masses

Tbi

Tb2

Tbs

Participation

m i

m2

m3

0.150

0.023

0.008

2

0.731

0.214

0.054

0.075N

0.225

0.034

0.013

2

0.731

0.214

0.054

0.1N

0.300

0.046

0.017

2

0.731

0.214

0.054

0.05N

0.300

0.047

0.017

3

0.670

0.204

0.069

0.075N

0.450

0.071

0.025

3

0.670

0.204

0.069

0.1N

0.600

0.094

0.033

3

0.670

0.204

0.069

0.05N

0.450

0.071

0.025

4

0.650

0.199

0.068

0.075N

0.675

0.107

0.038

4

0.650

0.199

0.068

0.1N

0.900

0.143

0.051

4

0.650

0.199

0.068

0.05N

0.600

0.095

0.034

5

0.641

0.196

0.067

0.075N

0.900

0.143

0.051

5

0.641

0.196

0.067

0.1N

1.200

0.191

0.068

5

0.641

0.196

0.067

0.05N

0.750

0.119

0.043

5

0.635

0.195

0.067

0.075N

1.125

0.179

0.064

5

0.635

0.195

0.067

0.1N

1.500

0.239

0.085

5

0.635

0.195

0.067

The base shear strength of each model and the distribution of loading over the height for
each structure are determined using the equivalent lateral force procedure outlined in
FEMA 450, with load patterns varying from the k = 1 load pattern for short walls up to k
= 1.5 for the most flexible 15 story structure (k=l refers to loads increasing linearly along
the height, with larger k values referring to parabolic load patterns) (FEMA 450, 2003).
Values of this parameter for the intermediate structures are shown in Table 2.3-2. In this
procedure, the total shear force is determined through the calculation of a base shear
coefficient, C s (also referred to as y), which represents the fraction of the seismically
effective weight, W, which is distributed over the height of the structure. Values of C s
are limited by a maximum allowable C s value that depends on the fundamental period of
the structure. In this study, all models with fundamental periods exceeding 0.45 seconds
are controlled by this maximum allowable base shear coefficient value. Values of this
coefficient, C s , the design base shear, V y , and the design yield moment, M y , for each
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structure are summarized in Table 2.3-2. The reader is referred to FEMA 450 (2003)
t
regarding the calculation of C s values.

Table 2.3-2. Model Design Values
Number of Stories, N

Model

3

6

9

12

15

k

My(kip-ft)

W (kips)

Cs

V v (kips)

0.05N

600

0.266

160

1

3733

0.075N

600

0.266

160

1

3733

0.1N

600

0.266

160

1

3733

0.05N

1200

0.266

320

1

13866

0.075N

1200

0.266

320

1

13866

0.1N

1200

0.243

291

1.05

12704

0.05N

1800

0.266

480

1

30400

0.075N

1800

0.215

388

1.09

24906

0.1N

1800

0.162

291

1.2

18983
48886

0.05N

2400

0.243

582

1.05

0.075N

2400

0.162

388

1.2

33320

0.1N

2400

0.121

291

1.35

25491

0.05N

3000

0.194

582

1.125

61322

0.075N

3000

0.129

388

1.312

41958

0.1N

3000

0.097

291

1.5

32192

Seismic design values for a location for the structures were obtained through a ground
motion parameter calculator available through the USGS. This location was chosen for
its high seismicity; substantial seismic data is available and resulting attenuation
relationships are more reliable than for other locations. At this location, the short period
spectral acceleration parameter, SDS, is equal to 1.06g, and this parameter at a period of 1
second, SDI, is equal to 0.58g. Seismic weights (dead loads only) of 200 kips are used at
each floor level to determine base shear strengths and yield moments of each structure.
While FEMA 450 assigns a response modification factor, R = 6, a factor of R = 4 was
used in the calculation of design base shear in this study to account for overstrength. In a
study by Elnashai and Mwafy (2002) on overstrength of reinforced concrete buildings, all

12 structures investigated in the study had overstrength values above 2.0. A reduced
response modification factor is used to approximate the actual strength of the structure as
opposed to the design strength. Overstrength in concrete wall systems is primarily due to
the redundancy in the use of consistent member designs throughout height of the
building, which also results in the structure's relatively constant stiffness along the
height.

Equivalent masses of 240 kips are concentrated at floor levels which are increased from
the seismic weight (dead load) of 200 kips to account for P-delta induced live load effects
and are also constant along the height of the structure. The models are designed such that
yielding is confined to the base of the structures, therefore the primary failure mode of
the walls corresponds to flexure. As a result, structural wall systems that are susceptible
to shear failure are outside the scope of this work.

There are three structural models used to represent each building height to account for
variations in stiffness. Stiffnesses for each model are tuned such that the first mode
period, T B I, corresponds to 0.05N, 0.075N, and 0.1N, in which N is the number of stories.
FEMA 450 offers two applicable methods for determining the fundamental period of a
shear wall structure, one of which involves taking one tenth of the building height as the
fundamental period in seconds (0.1N). Another approximate fundamental period method
estimates the period using the form T = C r h n x , where C r is equal to 0.02 and x is equal to
0.75 for shear wall structures (FEMA 450, 2003). The application of this method to the
structures represented in this study yields fundamental periods that range from 0.085N
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for a 3 story structure, and 0.057N for the 15 story structure. It is appropriate to tune
fundamental periods of the models used in this study by 0.05N, 0.075N, and 0.1N to
encompass this range.

Tuning of the models was accomplished by defining their

stiffnesses such that these fundamental periods were obtained. Tuning the models in this
manner causes several of the structure to have identical first mode periods, as shown in
Table 2.3-1. This is the case for models with Tbi

—

0.3, 0.45, 0.6, and 0.9 seconds (See

Figure 2.3-1).

Structural Wall Models
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Figure 2.3-1. Structural Wall Models used in this Study

Nonstructural components are modeled as SDOF systems with component periods
ranging from 0.01 to 5 seconds. It is assumed that components and their attachments do
not fail during seismic excitation (i.e. components remain within the linear elastic range).
Component masses are assumed to be negligible in comparison to the overall mass of the
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structure, less than 1%, as discussed section 2.2.1. The focus of the study is on the
evaluation of components at the second floor, mid-height, and roof level of the structures
to account for the contribution of relative height to the overall acceleration response of
the NSC. Components are assumed to have damping levels that are less than or equal to
the damping level of the primary structure.

Components do not generally possess

damping mechanisms that are inherent to primary structures, and as a result are usually
unprotected from sharp resonant motions (Villaverde, 1997). In addition, research has
suggested that component damping levels may be much smaller than 5% (BadilloAlmaraz, 2006, Stevenson, 1980, and Morante, 2006).

These studies and their

implications are discussed in greater detail in section 3.4.

In this study, component

damping ratios are set to 1, 2, and 5% of critical. As per Equation 1, these damping
levels limit the study to mass ratios of 0.5, 1.1, and 2.7 percent for 1, 2, and 5% of
critical damping, respectively before dynamic interaction effects must be considered.

2.4 Ground Motions Used in this Study

The ground motion hazard in this study is represented by 40 ground motions with
moment magnitude ranging from 6.5 to 6.9, where the closest source-to-site distance is
within the range of 13 - 40 km. The recorded ground motions include accelerations
resulting from earthquakes at strike-slip, reverse-oblique, and reverse-slip, which are
representative of the location used in this study. Los Angeles, CA is surrounded by these
types of faults, including the San Andreas fault (strike-slip), the Garlock fault (strikeslip), and the Santa Monica fault (reverse slip), among others. This set of ground motions
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was selected because most of the damage to NSCs in the western United States is caused
by larger earthquakes, particularly if the source to site distance is greater than 10 km
(Medina and Krawinkler, 2004). This study does not consider source to site distances
closer than 10 km, as these locations are more likely to experience near-fault or forward
directivity characteristics. Ground motions with these types of characteristics are much
more likely to contain velocity pulse effects and large peak ground velocities, which are
typically much greater than that of ordinary ground motions (Bray and Rodriguez-Marek,
2004).

All of the ground motion acceleration time histories represent a random

component (N-S or E-W) of the ground motion at a given station to avoid bias in the
selection process. Therefore, the two dimensional frames used in this study are exposed
to a ground motion that acts only in one direction, and the collective impact of the two
horizontal components of acceleration along with a vertical component are outside the
scope of this study. The ground motions were recorded in California, as shown in Table
2.4-1, which summarizes the motion, magnitude, and station location of each ground
motion record. The simulations represent site conditions where the structure is located on
a stiff soil site; the soils in the study correspond to NEHRP Soil Classification D) (FEMA
450, 2003). This study does not investigate effects of soft-soil sites or large magnitude
motions, i.e. M > 7.0. Detailed information regarding the suite of ground motions can be
found in the Pacific Earthquake Engineering Research (PEER) database and in Medina
and Krawinkler (2004).
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Table 2.4-1 Ground Motions Used in this Study (after R. Sankaranarayanan, 2007)
Earthquake

Year

Mw

Station
Calipatria Fire Station
Chihuahua
Compuertas
El Centra Array # 1
El Centra Array #12

Imperial Valley

1979

6.5

El Centra Array #13
Niland Fire Station
Plaster City
Cucapah
Westmorland Fire Station
Agnews State Hospital
Capitola
Gilroy Array #3
Gilroy Array #4
Gilroy Array #7

Loma Prieta

1989

6.9

Hollister City Hall
Hollister Differential Array
Halls Valley
Salinas - John & Work
Palo A l t o - S L A C Lab.
Sunnyvale - Colton Ave.
LA - Centinela St.
Canoga Park - Topanga Can.
L A - N Faring Rd.
LA - Fletcher Dr.
Glendale - Las Palmas
LA - Hollywood Store Lot
Lake Hughes # 1

Northridge

1994

6.7

Leona Valley #2
Leona Valley #6
La Crescenta - N e w York
LA-PICO&Sentous
Northridge - 1 7 6 4 5 Saticoy St.
LA - Saturn St.
LA - E Vernon Ave.

San Fernando

1971

6.6

LA - Hollywood Store Lot
Brawley
El Centra Imp. Co. Cent.

Superstition Hills

1987

6.7
Plaster City
Westmorland Fire Station

As explained in subsequent sections of this thesis, the development of CUHS require the
estimation of site-specific hazard curves. The hazard curves relate the probability of a
given value of an intensity measure (in this case spectral acceleration) being exceeded for
a given structure at a given site during a time period (i.e. the mean annual rate of
exceedance).

A screenshot of the application used to compute the site and structure

specific hazard curves (OpenSHA) is shown in Figure 2.4-1 (Field et al, 2003).
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Figure 2.4-1. Screenshot of OpenSHA Hazard Curve (Field et al, 2003)

OpenSHA can only determine hazard values for a predefined set of first mode structural
periods, therefore hazard curves used in this study were linearly interpolated to match the
first mode periods of each of the models. These interpolated curves are shown in Figure
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2.4-2.

The curves were determined using the attenuation relationship developed by

Campbell and Bozorgnia in 2008 for the random horizontal component of ground motion
acceleration. Because the responses of the structures are dominated by the first mode as
discussed in the previous section, the ground motion parameter of interest is the spectral
acceleration at the first mode period of the structure, S a (T B I).

Furthermore, it was

assumed that the spectral acceleration responses are 5% damped, and that the shear wave
velocity at the site was 280 meters per second. This value falls within the range allowed
for NEHRP Soil Classification D, which is estimated in the FEMA 450 to fall between
180 and 360 meters per second (FEMA 450).
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Figure 2.4-2. Site and Structure Specific Hazard Curves used in this Study
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In order to evaluate the adequacy of ASCE 7 code design values based on the
representative results obtained in this study, it is important that the frequency contents
(i.e., spectral shapes) of the ground motions used are consistent with the frequency
content represented by the design spectrum. Using the same SDS and SDI values utilized
for the design of the structural models, it is evident that the ground motions used in this
study have frequency characteristics comparable to those found in the design spectrum
dictated by FEMA 450. A comparison of the two is shown in Figure 2.4-3, where the
median response spectrum of the 40 ground motions is scaled to the design spectrum at a
period of 0.9 seconds. The 0.9s period was chosen because using this period for scaling,
the similarities between the suite of ground motions and the design spectrum are the most
evident.

Median GM Response Spectrum vs. FEMA Design
Spectrum Scaled to T = 0.9 s

Tbi(S)

Figure 2.4-3. Scaled Median Response Spectrum of the 40 Ground Motions used in this
Study Compared to the FEMA 450 Design Spectrum
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In order to accurately quantify the responses of both the primary and secondary systems,
each of the ground motions also has to contain frequencies corresponding to each of the
structural periods, which range from 0.15 seconds to 1.5 seconds. Each of the ground
motions have been filtered to remove noise contained within the signals to ensure that the
recordings applied to the models accurately represents the original ground motions. The
low-pass frequencies of the ground motions range from 0.05 Hz to 0.20 Hz, indicating
that accurate results can be obtained for models with periods as long as 5 seconds.
Because the longest period structure used in the study is 1.5 seconds, period elongation
due to

inelasticity will

not present

problems

regarding

low-pass

frequencies.

Additionally, the high-pass frequencies of the ground motions range from 18 Hz to 46
Hz, implying that accurate results can be obtained for structures with periods as low as
0.05 seconds.

While the shortest fundamental period of any of the models is 0.15

seconds, the second mode period for all of the three story structures and one of the six
story structures falls below this cutoff. However, results obtained for the higher mode
effects for these structures should remain reliable.

This is due to these structures

responding primarily in the first mode of vibration (these have the largest effective modal
masses and the frequency content of the ground motions excites the fundamental period).
Additionally, the majority of the ground motions have high pass frequencies of 30 Hz or
greater and the statistic of choice for this study is the median response value; the
relatively few ground motions that may produce unreliable results for these structures
will not have a major impact regarding skewing of the results.
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2.5 Probabilistic Methodology

2.5.1 Hypothesis and methodology

The basic hypothesis relating to the first objective of this study is that maximum
acceleration demands on NSCs induced by seismic events can be accurately predicted
using a probabilistic methodology.

The model will be able to estimate acceleration

responses through probabilistic seismic hazard analysis through the application of the
total probability theorem, also referred to as the PBEE-2 framework.

Although the

method is capable of incorporating both epistemic (modeling) and aleatory (record-torecord) variability of the process, this study focuses only on accounting for the record-torecord variability inherent to ground motions and their induced responses; existing
procedures for the design or evaluation of acceleration sensitive secondary systems do
not incorporate this variability in their demand estimation. The main advantage of the
use of a probabilistic methodology is realized through the development of CUHS, which
identify spectral acceleration values with equal probability of exceedance in a given
number of years as a function of several structural and nonstructural parameters. These
CUHS allow for evaluation and design to be conducted based on performance targets that
account for uncertainties inherent to seismic events and the prediction of component
responses. The probabilistic method can be summarized in the following steps:

1. Conducting nonlinear response history analysis with scaled ground motions
2. Obtaining floor response spectra (FRS) for each ground motion intensity level
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3. Performing incremental dynamic analyses (IDA) on the component responses
4. Using IDA curves to estimate the probability of a response exceeding a given
value given certain parameters
5. Combining the IDA with site specific ground motion hazard curves

to

generate component hazard curves (i.e. the probability of a component
spectral acceleration being exceeded at the given site for the given system)
6. Using component hazard curves to generate component uniform hazard
spectra (CUHS).

The third objective of this study relates to comparing results obtained from the first two
steps of this process to ASCE 7 estimates of equivalent maximum component
acceleration. These results will be used to evaluate estimates of PFAs, PCAs, as well as
several factors that are meant to quantify amplifications of peak ground accelerations and
component amplifications. These results are used to determine the circumstances in
which

the

current

code

methodology

may

be

inadequate

in

to

estimate

acceleration/strength demands. Each of the six steps of this methodology is described in
the following subsections.

2.5.2 Probabilistic Model

In the development of probabilistic demand estimates, the PBEE-2 framework is
represented using the total probability theorem. Step two of the framework illustrated in
Figure 1-3 is evaluated using Equation 2. Peak component acceleration hazard curves
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(i.e. mean annual rate of exceedance of a component acceleration demand, \sac (sac),
versus peak component acceleration demand) are estimated for a given site and a given
structural system. This implies that the probabilistic model must be evaluated for each
combination of structure height, structure stiffness, component relative height (RH, the
height of the component normalized by the height of the structure), component damping
ratio, and component stiffness. The results are obtained and can be related to each of the
several structural and nonstructural factors that have been identified to play a role in NSC
response. Results are based on the following probabilistic model which represents the
implementation of step two shown in Figure 1-3 (Clayton and Medina, 2010):

00

Equation 2
0

Where P[Sac > sac | Sa = s a ] is the probability of the peak component acceleration demand
exceeding a value, s a c, given the spectral acceleration at the first model period of the
primary structure (Sa). This probabilistic distribution is also conditioned on structural
and nonstructural parameters such as component damping ratio (J;c), the ratio of the
period of the secondary system to the i th modal period of the primary structure (TC/TBO,
the location of the component in the structure (relative height, RH), the modal damping
ratio of the supporting structure ({;;), and the base shear coefficient of the supporting
structure (referred to as C s in FEMA 450, and henceforth referred to as 7). Moreover, Asa
(Sa) is the mean annual frequency of exceedance of first mode spectral acceleration,
which is commonly known as the seismic hazard curve in terms of this parameter (Sa).
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2.5.3 Nonlinear response history analyses

The first step of the methodology involves exposing structural models to scaled ground
motions and recording floor acceleration responses. Each structural model is exposed to
a scaled ground motion whose intensity is defined by a factor denoted as relative
intensity. Relative intensity is given by RI = S a (g)/y (y is the equivalent of the factor C s
given by FEMA 450); it is defined as the ratio of the ground motion spectral acceleration
at the first mode period of the supporting structure, Sa(g) to the seismic base shear
coefficient, 7 = V y /W, where V y is the design base shear and W is the seismically
effective weight.

2.5.3.1 Ground motion scaling. Despite being common in research and practice, concern
is often expressed regarding the validity of scaling of ground motions to obtain structural
or nonstructural responses (Vamvatsikos and Cornell, 2002). This notion is generally
related to 'stronger' records not being representative of the original record used for
scaling. More precisely, the concern refers to whether the median response to a ground
motion scaled to a level will accurately represent the median response to unsealed ground
motions with the same intensity. It is difficult to address this concern as there are few
records matching the constraints of a study (soil type, source to site distance, frequency
content, etc) that represent a large range of intensities (especially larger events), and
researchers are generally interested in studying the effects of increasing earthquake
intensity on structural response.

Vamvatsikos and Cornell (2002) state that the

40

legitimacy of scaling depends on the choice of an appropriate intensity measure, and the
dependence of the response on magnitude and source-to-site distance.

Scaling records by the spectral acceleration at the first mode is deemed to be appropriate
in this study because the structural models in this study are dominated by their first mode
period response, (Shome, 1999). However, the use of S a (T B i) as the intensity measure of
interest implies that the fundamental period of the structure is known. This condition is
satisfied because each of the structures are tuned to desired fundamental frequencies, and
are known quantities.

The use of S a (T B i) as the sole intensity measure without

considering spectral shape implies that the frequency content of the ground motions
cannot be considered explicitly. Baker (2005) studied this drawback to the use of a single
IM of interest, proposing the use of vector valued IMs that can account for spectral shape.
However, in this study, a different approach is taken where the spectral shapes are
considered through careful ground motion selection. This approach was also used by
Medina and Krawinkler (2004) where it was shown that biases introduced by variation in
frequency content can be minimized through careful selection of ground motions with
similar magnitudes and source to site distances. The ground motions used in this study
represent a narrow range of magnitudes (6.5 to 6.9) being recorded at a narrow range of
source to site distances ( 1 3 - 4 0 km). Combining these considerations with the fact that
the records were recorded on stiff soil sites (NEHRP Soil Classification D), the frequency
contents inherent to the ground motions are also similar. This is shown by the response
spectra for each of the 40 ground motions normalized by their peak ground accelerations
in Figure 2.5.3.1-1.
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Response Spectra Normalized by PGA

TBi(s)
Figure 2.5.3.1-1. Statistical Representation of the Suite of 40 Ground Motions

Aside from selecting an appropriate intensity measure, the legitimacy of scaling ground
motions to greater intensities also depends on the relationship between the structural
response and the M and R (magnitude and source-to-site distance) of the ground motions
relative to the hazard being studied. Vamvatsikos and Cornell (2002) state that if the
response is conditioned on the intensity measure, magnitude and distance and that
response is shown to be independent of magnitude and distance, the scaling will provide
reliable results.

Medina and Krawinkler (2004) have shown that responses from the 40 ground motions
used in this study are weakly dependent on magnitude and distance and as a result argue
for the legitimacy of using incremental dynamic analyses with this set of ground motions.
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Furthermore, because the frequency content of the ground motions represents those with
magnitudes between 6.5 and 6.9, the scaled ground motions will have the same spectral
shape after being scaled, and will remain representative of the magnitude of earthquakes
being studied. Also, it can be shown that the bulk of the probability used to develop
component hazard curves is contained within lower RI values, which require smaller
scale factors.

This study is primarily concerned with component hazard estimates

between the 50/50 (50% probability of being exceeded in the next 50 years) and the
10/50 range, which in most cases do not approach large RI values.

Scaling the ground motions by the spectral acceleration at the first mode period of the
structure implies that dispersion in the responses will be small near the first mode period,
but will increase for periods that are not close to the fundamental period. Because this
study concerns higher mode effects, this implies that responses for components near the
second mode period of each structure will have larger dispersions than the first mode
period responses. However, estimates of the medians (calculated as the geometric mean
due to an assumption that the responses are log-normally distributed) should remain
similar despite larger dispersions.
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Figure 2.5.3.2-1. Illustration of Relative Intensity (after Whittaker et al, 2004)

2.5.3.2 Relative Intensity and Simulation. In this study, 21 values of relative intensity
(RI) are investigated (0.25, 0.5, 1.0, 1.5 ... 10), with RI = 0.25 representing elastic
behavior and RI = 10 representing highly inelastic behavior.

The transition between

elastic and inelastic behavior generally occurs at RI = 1, where the spectral acceleration
of the ground motion at the first mode period of the structure is equal to the base shear
coefficient, but occurs at RI = 1.5 depending on the structure and ground motion being
used. The concept of relative intensity as it pertains to this study is shown graphically in
Figure 2.5.3.2-1. Response history analyses were conducted in this study due to the need
to obtain accurate estimates of floor acceleration time histories in the inelastic domain.
Because the generation of floor response spectra through response history analyses
requires substantial computational demands, simulation software was needed that was
robust, reliable, and replicable. To this end, a modified version of DRAIN-2DX (Prakesh
et al. 1993) was used for response history analyses, which was modified to include
stiffness degradation from inelastic effects based on the elastic beam-inelastic rotational
spring model. The software was easily replicable for use on multiple computers to meet
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the large computational demand for the project and has been validated against the
performance of similar packages (Inel et. al 2001).

Structural models with each combination of number of stories, stiffness, and component
damping are exposed to the suite of 40 ground motions using the software, each of which
is scaled using all aforementioned relative intensities. For each response history analysis,
floor acceleration time histories are recorded at the second floor, mid-height, and at the
roof level of each structure to evaluate the influence of the location of the NSC in the
probabilistic quantification of peak component acceleration demands.

2.5.4 Floor response spectra

As previously stated, the FRS method involves exposing a structural model to a ground
motion and recording accelerations at various floor heights to be used as inputs to an
SDOF spectral analysis program. The collection of floor acceleration time histories are
obtained from the numerical simulations of the primary structure by exposing the model
to each of the 40 ground motions scaled to all aforementioned relative intensities. Figure
2.5.4-1 depicts the nonlinear time history simulation and FRS steps of the methodology
for one structural model and one relative intensity. Floor response spectra like these are
directly compared to ASCE 7 estimates in Chapter IV. Values for PGA, PFA, and PCA
are also recorded for evaluation of factors such as the in-structure amplification factor or
the component amplification factor. While floor response spectra were produced for
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component damping ratios equal to 1, 2, and 5%, only the 5% damped responses are
shown in this chapter for illustration of the probabilistic methodology.
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Figure 2.5.4-1. The Floor Response Spectrum Method

In order to quantify the dependence of peak component acceleration demands on the
relative ratio of the periods of vibration of the NSCs and the primary structure, three
distinct subsets of component period are defined to quantify the maximum accelerations
experienced by a component.

The remainder of the methodology is implemented for

each of these three regions (PFAR, SPR, FPR), including incremental dynamic analyses,
development of peak component acceleration hazard curves, and CUHS.

The

subsets/regions are denoted as the Peak Floor Acceleration Region (PFAR, To - * 0
seconds), used to represent rigidly attached components, the Short-Period Region (SPR)
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(0 < Tc < 0.5 TBI), and the Fundamental-Period Region (FPR) (0.5 TBI < T c < 2.0 T B I),
where Tc is the period of the component and TBI is the first mode period of the structure.
These regions are marked for a 6-story structure in Figure 2.5.4-2. The floor response
spectra for this structure is typical of taller structure (N >6). Short structures, such as the
3-story structure typically have greater component responses at the fundamental period of
vibration and smaller responses when the component is in tune with higher modal
periods.

The SPR and FPR divide what is typically referred to as "flexible" components (ASCE 705 defines rigid components having component periods less than 0.06 seconds, Tc <
0.06) into two regions to quantify the effects of higher modal periods on component
accelerations. These effects are evident in each of the floor response spectra developed
in this study; substantial increases in spectral acceleration are present near each of the
modal periods with the second mode period generally having the largest acceleration
response, especially with increasing relative intensity.

As such, it is appropriate to

separate the range of component period values into regions that quantify the effects of the
fundamental period separately from the higher modal periods.
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Median Floor Response Spectra, Roof Level

TC/TBI

Median Floor Response Spectra, 2nd Floor Level

VTBI

Figure 2 . 5 . 4 - 2 . Median FRS for all RI Values at Various Floor Levels,
6 Story Structure with TBi = 0.3s, y = 0.27

The median floor response spectra are used to represent the component acceleration
responses; each curve in Figure 2.5.4-2 represents a median floor response spectrum for
an individual relative intensity value.

Median values were calculated using floor

response spectra from the set of 40 ground motions utilized in this study.

Peaks in

component spectral accelerations can be observed in the short period regions for both the
second floor level and the roof level, but are less apparent in the fundamental period
region for the second floor level. In the short period region, peaks for both the second
and third mode periods are evident, which cause amplifications in acceleration relative to
the peak floor accelerations.

These amplifications may be considerably greater than

amplifications in the fundamental period range when the primary structure experiences a
significant level of inelastic behavior (Figure 2.5.4-2 (top)).

Within the fundamental

period region, maximum component accelerations at the roof do not always increase with
increasing inelasticity and accelerations eventually reach a cap, in this case near 2.5g
(Figure 2.5.4-2 (top)). Figure 2.5.4-2 (bottom) shows median floor response spectra for
the second floor level, where an increase in ground motion intensity generally yields
higher component spectral accelerations in all three component period subsets.

The

results shown in Figure 2.5.4-2 are typical of the FRS obtained for the majority of the
simulations. The observations presented in this paragraph illustrate the importance of
considering higher mode contributions and inelasticity to the overall response of NSCs to
ground motions.

Several ranges of T C / T B I were tested initially on a 9-story shear wall structure with a
fundamental period of 0.675s to determine which regions would accurately capture the
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higher mode resonance effects of the NSC responses. Aside from the stated definition of
the FPR and SPR, ranges were also defined as +/- 30% of the first (T B I) and second (TB2)
mode periods, with an intermediate range (1.3 TB2 < TC < 0.7 T B i) and a long period
range (Tc > 1 . 3 T B I). These regions are illustrated on the floor response spectra shown in
Figure 2.5.4-3. Probabilistic estimates of accelerations using these definitions did not
control relative to the FPR and SPR ranges identified above. As this research aims to
identify maximum acceleration demands probabilistically, the definitions of FPR and
SPR were used to identify higher mode effects rather than the four region model.
Component hazard curves produced using this method and the decision to use the SPR
and FPR are discussed in section 2.5.6.

Floor Response Spectrum, 4 Region Model
8
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Figure 2.5.4-3. Four-Region Model for Flexible Components,
9 Story Structure with TBi = 0.675s, 7 = 0.215
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2.5.5 Incremental Dynamic Analysis (IDA)

The next step in the methodology concerns incremental dynamic analysis. Incremental
dynamic analysis (IDA) develops the relationship between (component) response and
increasing earthquake intensity. The objectives of an EDA study are listed below, with the
underlined objectives indicating those that are most relevant to this research.

These

objectives, as stated by Vamvatsikos and Cornell (2002), include:

1) Understanding the range of responses versus the range of potential levels of a
ground motion record,
2) Understanding structural (or nonstructural) implications of rarer or more severe
ground motion levels,
3) Understanding the behavior of structural responses with increasing ground motion
intensity,
4) Producing estimates of the dynamic capacity of the global structural system, and
5) Determining the stability of each of 1-4 with changing ground motions.
6) Estimating the record to record variability between individual responses from
differing ground motions.

The IDA methodology produces the information needed for performance based
earthquake engineering that is comprehensive

enough for component

response

characterization; the usefulness of IDA as an analysis method is illustrated through its use
within the PBEE-2 framework (i.e. through the use of the total probability theorem).
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This portion of the probabilistic framework is represented in Figure 1-3 as P[EDP | IM].
Through the production of several IDA curves, a distribution of EDP responses (in this
case component spectral acceleration) can be developed to identify the response of a
component probabilistically given a predetermined level of earthquake intensity.

The use of incremental dynamic analysis requires the definition of a scale factor, intensity
measure, and engineering demand parameter. Relative intensity is used in this study to
determine scale factors for each of the ground motions. As RI = S a (g)/y, the spectral
acceleration at the first mode period of the record must be equal S a (g) in this equation.
Therefore, the scale factor for each ground motion for a given relative intensity is defined
as the product of RI and 7 divided by the spectral acceleration of the record at TBI for a
given model. In this study, this scale factor varies depending on the intensity being used
for simulation and the ground motion being used in that simulation.

While relative

intensity represents the level of earthquake intensity relative to the strength of the
structural model, the intensity measure (IM) used in this study is the spectral acceleration
at the first mode period of the structure. The NSC response to this intensity measure is
called the engineering demand parameter, and in this study is the component spectral
acceleration.

In this study, floor response spectra for each combination of number of

stories, fundamental period, component damping, component period region (PFAR, SPR,
or FPR), relative height (i.e. second floor level, mid height, roof level), and relative
intensity are used to construct the incremental dynamic analysis curves. This concept is
illustrated in Figure 2.5.5-1. IDA curves can be used to numerically evaluate P[EDP |
IM] as P[Sac > sac | S a = s a ] in Equation 2.
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Figure 2.5.5-1. Hierarchy of Simulations for which FRS and IDA Curves are Developed
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For a given site and supporting structure of interest, IDA curves, and hence peak
component acceleration hazard curves, are developed for each component range (PFAR,
SPR, or FPR). This implies that for each individual floor response spectrum, only one
representative peak component acceleration value per component period range is used in
the implementation of Equation 2. In each region, this representative value corresponds
to the maximum component acceleration demand in the component period subset of
interest.

Thus, for an individual ground motion, a single point in an IDA curve is

obtained by plotting the maximum component acceleration demand for a given ground
motion intensity level (i.e. RI) and a given component period range versus S a (g). Figure
2.5.5-2 illustrates this process, using one ground motion scaled to five relative intensities
for simplicity (RI = 1 (elastic) and RI = 3, 5, 7, and 9 (inelastic)) to develop an IDA plot
for the short period region. This plot is intended only to illustrate the process and is not
necessarily representative of other results obtained in this study. The model represented
is a 6 story structure with a fundamental period of 0.3 seconds, defining the SPR as 0 <
Tc < 0.15 seconds. The maximum component spectral acceleration values within this
range for each RI value (marked in Figure 2.5.5-2 (top)) are recorded and plotted against
the ground motion intensity, in terms of S a , which is determined for a given RI using RI =
Sa(g)/y.

Performing this analysis for all 40 ground motions scaled at all 21 relative

intensity values will produce one set of IDA curves for each of the three defined
component period subsets. Figure 2.5.5-3 depicts sets of IDA curves for the SPR and
FPR at the roof level of the aforementioned 6 story structure. As an example, Figure
2.5.5-3 (top) presents IDA curves (roof level) for 40 ground motions for the fundamental
period region of the 6 story shear wall model used to produce Figure 2.5.4-2.
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Figure 2.5.5-2. Construction of a Single Incremental Dynamic Analysis Curve
for the Short Period Region, 6-story structure with T B I = 0.6s, 7 = 0.243

The thick line represents the median IDA curve. The record-to-record variability in the
component responses is evident in Figure 2.5.5-3 from the results of individual ground
motions, shown in light grey lines. In the fundamental period range, peak component
acceleration demands tend to saturate with increasing ground motion intensity.

For

example, S a (g) values near 0.5g produce median component spectral accelerations of
about 2.75g, while a ground motion with an intensity measure five times as strong
produces a median spectral acceleration of about 3g. This behavior is common to all
ID As produced in this study for the fundamental period range. ID As generated for short
period regions do not behave in the same manner, as increasing ground motion intensity
generally produces higher component spectral accelerations as shown in Figure 2.5.5-2
(bottom). This behavior is consistent with that of the results presented in Figure 2.5.4-2
(top).
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Short Period Range IDA Curves

Sac (§)

Fundamental Period Range IDA Curves

Sac (g)
Figure 2.5.5-3. Statistical Representation of Multi-Record IDA Studies for the Short
Period and Fundamental Period Regions for the 6-Story Structure of Figure 2.5.4-2,
Tbi = 0.3s,

7=

0.27

2.5.6 Component hazard curves

The implementation of Equation 2 necessitates the combination of IDA results (i.e. P[Sac
^ SaC | S a

—

sa] term in Equation 2) with a seismic hazard curve (i.e., variable of

integration in Equation 2).

Seismic hazard curves for each structure define the

probability of exceeding a given value of spectral acceleration at a given site for a given
structure.

The curves used in this study are described in section 2.4 and are shown in

Figure 2.4-2. The process required to produce component hazard curves is illustrated in
Figure 2.5.6-1. The ordinate axis in Figure 2.5.6-1 (top) represents the ground motion
intensity (Sa), and the abscissa is used to represent both the component spectral
acceleration (to the right of the ordinate), and the mean annual rate of exceedance (Asa)
for ground motion spectral accelerations (to the right of the ordinate).

In order to

numerically evaluate equation 2, the rate of change of the mean annual rate of
exceedance corresponding to each relative intensity is combined with the IDA using its
median and standard deviation at that RI level (see Figure 2.5.6-1 (top)). Performing this
evaluation at the S a corresponding to each RI level defines the probability of exceeding a
given component spectral acceleration for a given structure, a peak component
acceleration (PCA) hazard curve (shown in Figure 2.5.6-1 (bottom)). It should be noted
here that the IDA curves and component hazard curves in Figure 2.5.6-1 are for
illustration of the process only and are not necessarily representative of other results
obtained in this study. The family of component hazard curves shown in Figure 2.5.6-1
(bottom) is created through the evaluation of three IDAs similar to the one shown in
Figure 2.5.6-1 (top), two of which are not shown.
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Figure 2.5.6-1. Construction of Component Hazard Curves using ID As and Site and
Structure Specific Hazard Curves (top: 6-Story, T B I = 0.6s, Y= 0.243)

2.5.6.1 Evaluation of four region model for flexible components. As noted in section
2.5.4, several hazard curves of the type shown in Figure 2.5.6-1 (bottom) were produced
not only for the FPR and SPR, but also for a four-region model using a 9-story model
with a fundamental period of 0.675 seconds. The four-region model captured first and
higher mode effects by defining regions as component periods within +/- 30% of the first
and second mode period, i.e. 0.7 TBI < TC < 1.3 T B I and 0.7 TB2 < TC < 1.3 TB2. An
intermediate range, with TC between 1.3 TB2 and 0.7 TBI, and a long-period range, TC >
1.3 T B i were also defined. Hazard curves produced using each of these regions for each
of the three relative heights (second floor, mid height, and roof level) are shown in Figure
2.5.6.1-1. It can be seen in the figures that at the second-floor level, the FPR and SPR
regions control the responses relative to the +/- 30% Tbi and TB2 regions, respectively.
The responses for components located at the mid height and roof level of the structure
exhibited different behavior, and the responses for the FPR and SPR are indistinguishable
from their respective responses produced with the +/- 30% definitions.

It is evident that at any relative height, the responses for components in the intermediateor long-period ranges are generally smaller than responses obtained for components in
tune with first or higher modal periods. This is an expected result, as these regions do not
capture resonant behavior of the components with the periods of vibration near those of
the primary structure, and as a result would experience lower spectral accelerations
relative to those being amplified. The decision to use the two-region model for flexible
components (SPR and FPR) was made for three main reasons:
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1) the FPR and SPR provide the accelerations that control at all relative heights,
while the four-region model produces smaller estimates of acceleration at the
base of the structure, indicating that the region was not large enough to
capture the peaks in the floor response spectra at that relative height,
2) one of the foci of the research was to investigate the effects of higher modes,
and as a result the intermediate or long period regions were of less interest as
they never controlled the responses, and
3) the methodology is very time and computationally demanding, and if using
only two regions provides sufficient results, the total number of iterations of
the methodology (IDAs, hazard curves, and CUHS) can be reduced by a factor
of two, decreasing those computational demands.

Although outside of the scope of this study, the use of peak component acceleration
hazard curves of this type could also be used to facilitate the evaluation of expected
dollar losses due to damages to acceleration sensitive NSCs and their attachments
through their combination with component seismic fragility information.

This would

correspond to the third step of the PBEE-2 framework shown in Figure 1-3.
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Figure 2.5.6.1-1. Component Hazard Curves at Various Floor Levels using the FourRegion Model for Flexible Components, 9-story structure with TBI = 0.675, y = 0.215
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2.5.7 Component uniform hazard spectra (CUHS)

The primary focus of this probabilistic aspect of this research is represented by creation
of component uniform hazard spectra (CUHS). CUHS are created from families of peak
component acceleration hazard curves of the type shown in Figure 2.5.6-1 (bottom),
which shows results obtained at the roof level of three versions of a 12-story structure.
The PCA hazard curves correspond to various fundamental periods of the primary
structure and a given component period range can be used to develop component uniform
hazard spectra (CUHS) for a predefined hazard level. CUHS are useful to estimate peak
component acceleration demands associated with a constant mean annual frequency of
exceedance (the same mean return period) as a function of the fundamental period of the
supporting structure.

CUHS plots can be developed for mechanical, electrical, and

architectural components as well as specific performance targets for these components
that relate to design levels aimed to minimize property losses and loss of functionality.
Once these design targets are specifically defined, these probabilistic estimates of PCA
demands would facilitate the full implementation of performance based design and
evaluation approaches for acceleration sensitive NSCs in buildings.

The CUHS plot shown in Figure 2.5.7-1 corresponds to the FPR and 50/50 hazard level,
which is shown as the horizontal black line as it relates to the component hazard curves in
Figure 2.5.6-1 (bottom). In this study, component uniform hazard spectra similar to the
one shown in Figure 2.5.7-1 are produced for each combination component period range,
hazard level (10/50, 20/50, 30/50, 40/50, and 50/50), relative height, and component
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damping level. For completeness, all of the component hazard curves used to create the
CUHS in Figure 2.5.7-1 are shown in Figures 2.5.7-2 through 2.5.7-6, where the arrow
denotes the value used to create the CUHS (5% damping ratio), and the horizontal black
line denotes the 50/50 hazard level.

Information for the structures shown in Figures

2.5.7-2 through 2.5.7-6 is given in section 2.3. As discussed in previous sections,
wherever fundamental periods coincide, the greater S ac value is used in the creation of the
CUHS, which is generally the structure with greater overall height.

50/50 FPR Component Uniform
Hazard Spectrum

TBI(S)

Figure 2.5.7-1. FPR Component Uniform Hazard Spectrum for the 50/50 Hazard Level
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Figure 2.5.7-5. 12-Story Component Hazard Curves used to
Create the CUHS in Figure 2.5.7-1
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Figure 2.5.7-6. 15-Story Component Hazard Curves used to
Create the CUHS in Figure 2.5.7-1

2.6 Limitations of Methodology

It is important to note that the results obtained in this study using the aforementioned
methodology has limitations in its estimation of acceleration demands as well as its
applicability for comparison to estimates at different sites or on different soil types.

One consideration is that the acceleration estimates given by the method may be
overestimated due to the nature of their modeling. Although the structural wall systems
are allowed to dissipate energy through inelastic action, all of the acceleration results
shown in CUHS plots are based on the assumption that the NSCs remain in the linear
elastic range.

In addition, NSCs may be attached at more than one point, such as

suspended ceiling systems whose responses may be out of phase with each other.
Therefore, the magnitude of the PCA demands presented in this thesis may be
overestimated.

Additionally, while the methodology is capable of addressing modeling uncertainties,
this study addresses only the aleatory (record-to-record) variability in the ground
motions.

The results of this study do not consider sources of epistemic uncertainty,

which may include uncertainties associated with analysis models, analysis methods, as
well as site specific hazard curves.

Varying attenuation relationships of the location used as input for site specific hazard
calculations may change the magnitudes of the accelerations presented in this study.
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Similarly, varying the site specific hazard curve would cause a change in the magnitudes
of the probabilistic estimates, as the rate of change of the hazard (variable of integration
in Equation 2) would take on a different range of values, increasing or decreasing the
component hazard depending on the shape of the hazard curve.

Additionally, these results apply to stiff soil sites only, and variation in soil type would
change the response, especially for softer soils which may experience different
amplifications. This effect would likely increase the acceleration estimates due to the
amplifications of the response spectrum, and would probably increase the responses
within the FPR as softer soil sites filter out higher frequencies, causing a shift in the
predominant period toward longer period structures. The lower frequencies left in the
ground motion would be likely to decrease acceleration demands in the short period
region (i.e. stiffer components), as higher modal periods (the longest period is 0.25s)
would be excited to a lesser degree, as many of these frequencies would be filtered out by
the soil.

While this study has its limitations, the main objectives of this thesis are to illustrate the
advantages of applying a probabilistic methodology to the quantification of PCA
demands and to describe trends in component responses using the proposed approach.
The applicability of values obtained using the method will gain greater applicability with
future studies identifying specific performance targets for various types of components.
This information will allow for the full implementation of performance based design and
evaluation approaches for NSCs.
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CHAPTER III

COMPONENT UNIFORM HAZARD SPECTRA

3.1 Introduction

This chapter discusses the component uniform hazard spectra obtained for the shear wall
models using the methodology described in Chapter II. The presentation of maximum
acceleration demands in the form of component uniform hazard spectra (CUHS) provide
an additional dimension of information relative to typical floor response spectra via the
quantification of the probability of such a response occurring based on site-specific
seismic hazard information.

The application of this information through

the

implementation of the total probability theorem quantifies the maximum acceleration
response of a component within a given structure at a given site in a given time period. It
is important to note that while the trends of the floor response spectra are reflected in the
corresponding component uniform hazard spectra, the CUHS offers more information as
it defines the values of acceleration that have a constant mean annual frequency of
exceedance (i.e. 50% probability of exceedance in the next 50 years, 50/50). Within the
context of this study, this refers to component responses within a given time period (50
years) that are housed within shear wall structures with varying structural and
nonstructural parameters at a stiff soil site in Los Angeles, CA. This type of information
is useful in conducting performance based evaluations or in the design of new structures
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by explicitly taking into account the seismic hazard at the site and the record-to-record
variability inherent in the structural responses. Component uniform hazard spectra are
also useful in the definition of levels of acceleration (for a given structure at a given site)
that reflect performance goals in terms of their annual probability of being exceeded.
The impact of the structural and nonstructural parameters discussed in Chapter II is
discussed as they relate to the probabilistic estimation of acceleration responses.

As

discussed in Chapter I, only the trends of the CUHS plots are discussed in this chapter, as
the acceleration values are site-specific. The component uniform hazard spectra trends
are discussed for various hazard levels, and consider the sensitivity of the responses to
changing relative heights, component damping ratios, and the ratio of the component
period to the period of the primary structure (FPR, SPR, or PFAR). While the effect of
varying hazard levels is discussed, the majority of the results are given in terms of the
50/50 hazard level 50 (50% probability of being exceeded in the next 50 years). This
hazard level seems most appropriate for components, as it corresponds to a mean return
period of about 72 years, rather than the structural design hazard level of 10/50 (mean
return period of 475 years) or the collapse-prevention hazard level of 2/50 (mean return
period of 2475 years).

3.2 Effect of Ratio of Component Period to Structural Fundamental Period

The results of this study indicate that component uniform hazard spectra for acceleration
sensitive components are highly dependent on the ratio of the component period to the
fundamental or higher mode periods of the primary structure. This effect is captured
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through the division of each of the floor response spectra in to three ranges as defined in
Chapter II.

The ranges divide the components into those that are in tune with the

fundamental period (FPR), higher modal periods (SPR), or if the component is very stiff
and rigidly attached to the primary structure (PFAR). Acceleration demands for these
components for the 50/50 hazard level are shown in Figure 3.2-1 for each of the three
relative heights evaluated in this study with 5% component damping (second floor, mid
height, and roof level). The results in the figure outline the importance of including the
ratio of component period to the modal periods of the primary structure in the evaluation
of NSC responses, as the behavior of the component responses changes significantly
depending on the TC/TBI ratio.

These effects are discussed further in the following

subsections.

3.2.1 Flexible Components (SPR and FPR)

The dependence of the flexible (SPR and FPR) component acceleration response on the
ratio of the component period to the modal periods of the primary structure is evident
from the results shown in Figure 3.2-1. Stiffer shear wall structures components in tune
with the fundamental period of the structure experience the largest acceleration demands.
For taller, more flexible structures, components in tune with higher modal periods
experience greater demands, and are capable of achieving substantially higher demands
than any component in time with the first-mode period. The component uniform hazard
spectra for components in tune with the fundamental period experience much lower
demands as a direct result of the saturation of responses shown in the corresponding floor
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response spectra and incremental dynamic analyses obtained for the structures, similar to
those shown in Figure 2.5.4-2 (FRS) and Figure 2.5.5-2 (IDA). Components in tune with
higher modal periods of the primary structure do not saturate in this manner, and achieve
much larger acceleration demands.

This behavior is also reflected in the two

aforementioned figures for the short-period region.

It is evident from Figure 3.2-1 that components represented by the FPR control the
acceleration response for stiffer structures, and those represented by the SPR control the
response for more flexible structures. The structural models evaluated in this study have
fundamental periods ranging from 0.15s for the stiffest 3-story structure to 1.5s for the
most flexible 15-story structure, and similarly, second-mode periods ranging from 0.02s
to 0.25s. For the shorter, stiffer structures, the frequency content of the ground motions
tends to excite the fundamental period of the structure, as the fundamental periods of
these structures are within the band of frequencies with the greatest spectral responses,
and the higher modal periods are outside of this range (see Figure 2.5.3-1).

As the

fundamental period becomes longer for taller and more flexible structures, the
fundamental period is no longer within the band, and is excited to a lesser degree.
However, with longer fundamental periods, higher mode periods enter the band, and start
to experience much larger excitations.
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Figure 3.2-1. 50/50 CUHS Comparing Component Period Regions
at Varying Floor Levels

3.2.2 Rigid Components (PFAR)

Rigid NSCs are represented in Figure 3.2-1 as PFAR, as they are assumed to experience
no amplification relative to the acceleration demands of the floor on which they are
attached. From the figure, it is evident that in most cases, the peak floor accelerations are
much smaller than those obtained for the FPR and SPR, and do not exceed l g when
considering the 50/50 hazard level. This is a result of the amplification relative to PFA of
flexible components. However, this behavior is not true at the mid height of very flexible
shear wall structures (TBI > Is); the probabilistic estimate of PFA is actually greater than
for components in tune with the fundamental period of the primary structure. This result
shows that flexible components housed within flexible shear wall structures actually
experience an acceleration reduction at the mid height. This behavior is not true of stiffer
components, as probabilistic PFA estimates are always much smaller than PCA demands
for components with periods near higher modal periods of the primary structure.

3.3 Location of the Component Within the Primary Structure

Acceleration demands shown in Figure 3.2-1 for various locations within the structure
illustrate the effect that the relative height of the component in the building can have on
the response. The point at which relatively stiff components (SPR) start to control the
response relative to relatively flexible components (FPR) changes depending on the
location of the component within the structure. At the roof
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level of the structure, the components within the FPR yield the largest acceleration
demands for structural periods less than about 0.6s.

Beyond this point, components

within the SPR experience the greatest demands. However, for components located at
the mid height or second floor level of the structure, this transition point shifts to shorter
structural periods. The transition occurs at a fundamental period of 0.45 seconds at the
mid height and is near 0.25 seconds at the second floor level. Figure 3.3-1 shows CUHS
results for the 50/50 hazard level comparing the effect of relative heights within each
region of component periods (SPR, FPR, or PFAR).

Within each component period

region, the location of the component within the structure can significantly affect the
component acceleration responses.

For example within the FPR, PCA responses are always the greatest at the roof level, and
the responses at the mid height of and second-floor level are generally much smaller.
While in many engineering applications, it is assumed that acceleration responses
increase along the height of the building, Figure 3.3-1 indicates that this is not always the
case.

While the responses at the mid height and second-floor level are similar in

magnitude and shape, the mid height PCA responses are not always greater than those
obtained at the second floor level. For fundamental periods greater than about Is, the
acceleration response at the second-floor level slightly exceeds that of the mid height,
with responses between the two varying by only 10%.
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Component responses along the height for relatively stiff components (SPR) demonstrate
different behavior than relatively flexible components. In the FPR, components at the
second floor and mid height respond similarly. However, in the SPR, similar responses
are obtained for components located at the mid height and roof level, and those located at
the second floor level respond with much lower accelerations.

While the component

accelerations at the roof dominated the FPR, exceeding the mid height by margins on the
order of 200% to 300%, these margins for the SPR are much smaller, on the order of only
20%.

Peak floor acceleration responses are generally much smaller than those obtained for the
SPR or FPR. The PFAR acceleration responses for each relative height increase slightly
for longer period structures, with the peak floor accelerations increasing along the height
of the structure. However, the behavior indicates that when the structure's higher modes
are excited, the PFAR components at the mid height starts to approach the behavior at the
roof level. However, when the structure responds in its first mode of vibration, PFAR
components at the mid height are much closer to those obtained at the second floor level.

3.4 Effect of Component Damping

While the majority of the component acceleration results presented in this thesis are
given for component damping ratios of 5%, damping values for components may be
much smaller than generally assumed, and could be as low as 1%. This is primarily due
to the fact that components do not possess characteristics that generally damp out
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motions in typical structures, such as the existence of cracks in concrete sections or
loosening of connections in steel structures.

Several studies have been performed to

estimate levels of damping in various nonstructural components, which originally
focused on components housed within nuclear facilities. For example, a study by JD
Stevenson (1980) contains an extensive listing of mechanical components, pumps, tanks,
and piping systems, some of which have very low damping levels: 1.2% (coolant pump),
2.7% (storage tank), or 1-2% (vital piping). Additionally, RJ Morante (2006) published
proposed revisions to seismic damping values in nuclear facilities, which advised the use
of damping levels as low as 0.5% when designing for the SSE (safe shutdown
earthquake).

The damping design values used for nuclear power facilities are assumed to be very low,
in part to allow for a factor of safety to ensure their functionality during seismic events.
As a result, these published design values may not necessarily indicate actual damping
levels in NSC responses.

To this end, several recent research efforts have been

undertaken to identify actual damping values of components under cyclic loading. One
study performed by Badillo-Almaraz et al. (2007) estimated damping levels of suspended
ceiling systems using three methods, concluding that the components have a damping
ratio between 2.6% and 5.1%. Lam and Gad (2008) published a study which quantified
damping of unreinforced masonry parapet wall systems. The study concluded that the
damping of parapet walls depends on its aspect ratio; a wall with an aspect ratio of 9 had
mean damping values of 3%, with results for many other configurations ranging from 4%
to as high as 10%.
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As discussed in this section as well as in Chapter II, a range of damping values was
assumed in the application of this methodology to account for the variability of
damping ratios of NSCs due to the magnitude of possible permutations of types and
configurations represented by NSCs. This study assumed damping values of 1, 2, and
5% damping. The CUHS plots for these damping levels indicate that the basic trends of
the CUHS plots discussed in previous sections do not change with variation of damping
ratios.

However, as expected, decreasing damping ratios from 5% to 1-2% cause

substantial increases in probabilistic estimates of peak component accelerations, which is
consistent for all relative heights and component period subsets.

These trends are

illustrated in Figure 3.4-1, which shows 50/50 CUHS results for the SPR and FPR at the
roof level of the structures for various damping levels.

Figure 3.4-1 also shows the FPR and SPR CUHS curves normalized by the 5% damped
CUHS to indicate the resulting change in magnitude between 5% and 1-2% component
damping.

Only the magnitude of the responses change, and the trends discussed in

previous sections regarding behavior within the FPR and SPR are invariant with respect
to changes in component damping ratios.

The SPR and FPR are equally sensitive to

variations in damping levels. Therefore, the shapes of the CUHS within each range do
not change, and the transition value of T B I at which the SPR controls the response
remains the same for each relative height.
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Figure 3.4-1. Effects of Variation in Component Damping Ratios
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For the FPR, shown in solid lines in Figure 3.4-1, the changes in the magnitude of
acceleration responses is constant among all fundamental periods.

However, because

accelerations for components within the short-period region do not amplify significantly
when the structure is very stiff (the SPR PCA values are very close to the PFAs as TBI
approaches 0), the acceleration demands within the SPR for each of the component
damping levels are very close and are not as stable as those in the FPR for short periods
(TBI < 0.45s).

As the fundamental period increases, the change in magnitude of the

responses for components in the SPR approaches those of the FPR.

When reducing

component damping from 5% to 2%, as research suggests may be the case, the increase
in peak component acceleration demands is on the order of 75%. If the damping of the
component approaches 1 %; however, the magnitude of the PCA demand increases on the
order of 125%.

This is relevant to component evaluation and design in that if

components are assumed to have 5% damping in the design of their attachments, they
may be underdesigned for an elastic component response when considering the 50/50
design level.

3.5 Effect of Changing Hazard Level

The probabilistic methodology described in Chapter II is advantageous in that it can
define peak component accelerations that have the same probability of being exceeded
within a given time period. These peak component accelerations can be determined for
several hazard levels of interest to define various target levels of performance. To this
end, maximum acceleration demands corresponding to the 10/50, 20/50, 30/50, 40/50 and
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50/50 hazard levels are computed for the short-period region, the fundamental-period
region, and for peak floor acceleration.

This data provides quantitative information

useful in conducting evaluations of existing structures or the design of new structures
when a specified level of performance is defined for the components.

The CUHS plots in Figure 3.5-1 show acceleration demands versus the fundamental
period of the structure for all hazard levels used for each of the component period subsets
(PFAR, SPR, and FPR). While in this section CUHS plots are shown only for the roof
level, several CUHS plots of the same type are compared to ASCE 7 estimates of
component acceleration demands in the next chapter.

Roof level CUHS plots demonstrate that the behavioral trends regarding the spectral
shape of the CUHS plots are weakly dependent on the hazard level. As expected, the
acceleration demands increase with increasing hazard level (i.e. approaching the 10/50
level), but the sensitivity to changing hazard levels depends on several factors, including
the relative height of the component within the structure, and the component period
region of interest.
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Figure 3.5-1. CUHS for each Component Period Region for Varying Hazard Levels

The effects of relative height as well as component period regions can be seen in Figures
3.5-2 and 3.5-3. Each of the figures shows CUHS plots normalized by their respective
50/50 hazard level response for each of the component period subsets at both the roof
level (Figure 3.5-2) and the second floor level (Figure 3.5-3). Figure 3.5-2 shows that at
the roof level, components represented by the SPR and PFAR are much more sensitive to
increasing hazard levels than relatively flexible components (FPR).

Considering the

components represented by the SPR or PFAR component period subsets, peak component
acceleration demands at the 10/50 level behave similarly relative to their 50/50 level
counterparts for taller, more flexible structures. For these regions, acceleration demands
at the 10/50 (10% probability of exceedance in the next 50 years) level at the roof are
about 2 times the acceleration demands at the 50/50 hazard level.

However, components in each region behave differently for stiffer structures, with this
ratio decreasing for rigid components, approaching a value of about 1.4. Within the SPR,
however, this ratio increases and approaches 2.5 for short-period structures. Components
in tune with the fundamental period of the structure are far less sensitive to changes in
hazard level than the SPR and PFAR components.

The ratio between acceleration

demands at the 10/50 level and the 50/50 level approach a value of only 1.4.
Additionally, unlike the SPR and PFAR components, the ratio for FPR components is
very stable at the roof level across all fundamental periods investigated in this study.
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Figure 3.5-3. Second Floor Level CUHS Normalized by 50/50 PCA Values

Similar information is shown in Figure 3.5-3 for the second-floor level. The sensitivity to
changing hazard levels also depends on the relative height of the component within the
primary structure. At the second-floor level, the ratio of peak acceleration demands at the
10/50 level to those at the 50/50 level is far greater than at the roof of the structure, and
exceeds a ratio of 3 for PFAR values compared to a ratio of 2 at the roof for taller more
flexible structures.

On average, the ratio for PFAR values at the second-floor level

increases by about 60% relative to the roof level.

This trend is true of each of the

component period subsets, with the SPR ratio increasing by 30% on average, and the FPR
ratio increasing by more than 70% relative to the ratio at the roof level.

The variation in sensitivity to changing hazard levels between the FPR and SPR subsets
also causes a shift in the fundamental period at which the SPR controls the maximum
component acceleration response. This effect is similar to the effect of relative height for
a constant hazard level, which was discussed in section 3.3. This concept is shown in
Figure 3.5-4, which shows the 10/50 and 50/50 responses for both the FPR and SPR
subsets. In Figure 3.5-4, it is evident that when considering the 50/50 hazard level, this
transition point occurs at around TBI = 0.6s, as discussed in section 3.3, but when the
10/50 level is considered, this transition point is shifted to about TBI = 0.45s. This occurs
because at the roof level, the SPR responses increase at a far greater rate than do the FPR
responses, forcing the transition point to smaller T B I values.
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Figure 3.5-4. Effects of Varying Hazard Levels for Flexible Components

3.6 Summary

The methodology used to develop CUHS plots is advantageous because it is able to
account for the record-to-record variability of peak component acceleration responses.
The results are also conditioned on several structural and nonstructural parameters that
have been shown to play an important role in determining the maximum acceleration
response of acceleration-sensitive NSCs. The availability of CUHS plots conditioned on
these parameters could form the basis for the implementation of performance-based
design and evaluation strategies, as this methodology defines performance targets based
on the probability of exceeding a given acceleration during a given time period.

91

This chapter also discussed the importance of explicitly accounting for several factors in
the evaluation of the acceleration responses of NSCs, as well as their impacts on the
maximum component acceleration responses. It was demonstrated that the magnitude of
the peak acceleration responses are highly dependent on the component damping ratio,
location of the component within the structure, the hazard level of interest, and the ratio
of component period to the modal periods of the supporting structure.

As expected,

decreasing component damping increases spectral acceleration demands. Relative to 5%
damping, these increases are on the order of about 75% and 150% for 2% and 1%
damping ratios, respectively.

It is shown that the increase in maximum acceleration

demands with lower damping ratios may be substantial, and lower damping values of
components should be considered.

Similarly, increasing the hazard level of interest

(toward the 10/50 value) increases probabilistic acceleration estimates. The degree to
which the demands increase with increasing hazard is shown to depend on the ratio of the
component period to the modal periods of the supporting structure as well as the location
of the component within the structure. The ratio of the 10/50 values to the 50/50 values
are greater for the PFAR and SPR relative to the FPR at each relative height, but at the
second-floor level, these ratios are much greater than at the roof level.

The results also indicated that probabilistic estimates of acceleration demands generally
increase with increasing relative height, unless the component is located at the roof level
and the component period is in tune with the fundamental period of the structure. In this
case, for more flexible (TBI > IS) structures, the demands at the second-floor level tend to
exceed those at the mid height. These results demonstrate the importance of considering
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these parameters in design or evaluation, and provide probabilistic estimates of
acceleration

values

that

would

facilitate performance-based

designs

in

which

performance targets can be defined in terms of mean annual frequency of exceedance.
The availability of such quantitative information would allow owners and stakeholders to
make educated decisions regarding the costs required to mitigate NSC failures, as well as
financial or property losses during the expected lifetime of a facility.
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CHAPTER IV

ASSESSMENT OF CURRENT CODE PROVISIONS

4.1 Introduction and Purpose

Data gathered through the implementation of the first two steps of the methodology
demonstrated in Chapter 2 can also be used to assess current code provisions used to
estimate acceleration demands for nonstructural components. The main purposes of this
chapter are to:
1) identify the conditions in which ASCE 7 (ASCE, 2005) criteria may under
predict maximum component acceleration demands,
2) evaluate the need to account for several structural and nonstructural parameters
that are not currently explicitly considered, and
3) compare the ASCE 7 design values to probabilistic estimates of maximum
component acceleration demands.

Median estimates of PFA and PGA demands are compared to ASCE-7 estimates of
component accelerations for rigid and flexible components, respectively. Each of these
metrics provide useful information in the identification of strengths and weaknesses in
the current building codes regarding NSCs as well as identification of important
parameters that control NSC response that are not currently incorporated into design
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formulas. It is shown that the current code provisions should explicitly consider dynamic
properties of the primary structure, the relationship between the period of the component
and the modal periods of the primary structure, the ground motion intensity, and the
location of the component within the structure.

The evaluation of the ASCE 7 basic equation to estimate lateral design forces (i.e.,
accelerations) for NSCs requires an understanding of the assumptions used in its
development and the purpose of each factor used to estimate component response. As
such, the first part of this chapter is dedicated to describing the current code provisions
and assumptions regarding acceleration estimates of NSCs. The remaining sections will
deal with the assessment of those code provisions as they are compared to results
obtained using the methodology in Chapter 2 for shear wall structures to provide
justification for explicitly including proposed selected parameters. The results in this
chapter represent responses with 5% damping applied to the structural response as well as
the response of the NSCs. This damping ratio is considered adequate in this context
because it is consistent with the basic ASCE 7 assumption of 5% damping for structures
and components.

4.2 Background Regarding NSC Design Provisions

Seismic design methods of NSCs have changed considerably since their first formal
mention in a 1978 ATC-03 Report (Singh et al, 2006).

This report made

recommendations for design of NSCs, which were adopted by the National Earthquake
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Hazard Reduction Program (NEHRP) in their Provisions for Seismic Design of New
Buildings in 1985 (Singh et. al. 2006). The provisions have been revised several times,
mostly in an effort to:
1) simplify the method,
2) retain analytical rationality, and
3) be consistent with the field observations made on building structures in past
earthquakes.

However, since basic research in this area is relatively limited, available codes and design
guidelines have been based on past experiences, engineering judgment and intuition
rather than on objective experimental and analytical results (Mosqueda et. al., 2009). As
a result, several research efforts have been aimed at producing experimental and
analytical methodologies that can be used to approximate demands on NSCs. As was
discussed in Chapter 2, the University at Buffalo (SUNY) designed a full scale
nonstructural component simulator to estimate demands under "real" seismic loading
conditions (Mosqueda et al, 2009).

Additionally, Medina et al. (2006) used the floor

response spectra method to analytically determine acceleration demands for NSCs using
numerical

models

for moment

resisting

frames. This

study identified

several

shortcomings in the design equations used in ASCE 7 and stated that they should
explicitly consider the modal periods of the primary structure, the height and strength of
the primary structure, and the location and damping of the component within the
structure. Studies performed by Singh et. al. (2006) reached the same conclusions, and
resulted in the publication of two companion papers for rigid and flexible nonstructural
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components aimed at improving code design philosophies through the incorporation of
these parameters.

The current ASCE 7 design methodology for nonstructural

components is discussed in the following section.

4.3 ASCE 7 Simplified Design Methodology for Nonstructural Components

The ASCE 7 estimation of seismic design lateral forces, F p , for the design of
nonstructural components attached to or suspended from structural systems is based on
the application of Equation 3 (ASCE, 2005):

1+ 2©)

where F p is limited to the following range:
0.3 SDS IpWp < Fp < 1.6 SDS lp Wp
and it follows that

Where SDS is the short period (TBI = 0.2 seconds) 5%-damped spectral acceleration
parameter (and 0.4SDS is used as an estimate of the peak ground acceleration at the site of
interest); (1 + 2(z/h)) is the in-structure floor acceleration amplification factor; h is the
average roof height of the structure above the base; z is the height above the base of the
component's point of attachment; ap is the component amplification factor; Ip is the
component importance factor; Rp is the component response modification factor; W p is
the operating weight of the component, and SAC is the component spectral acceleration.
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Several of the factors used in Equation 3 are discussed individually in the following
subsections.

4.3.1 In-structure amplification factor, (1 + 2(z/hV)

The factor (1 + 2(z/h)) accounts for in-structure amplifications of the peak ground
acceleration, approximated as 0.4SDS, along the height.

The factor assumes that the

amplifications will occur linearly over the height, with an amplification of 1 (no
amplification) occurring at the base of the structure, and an amplification of 3 at the roof
level of the structure. Therefore, the product of 0.4SDS and (l+2(z/h)) is essentially an
approximation of the peak floor acceleration at any floor level above the base of the
structure.

The assumption that the amplifications of the PGA occur linearly over the height of the
structure is based on the notion that the building response is dominated by its
fundamental mode of vibration, which can be approximated as a linear variation. The
level of in-structure amplification at the roof level of the structure was initially taken as
two times the spectral acceleration value at the fundamental period of the structure as a
result of a 1995 study by Drake and Bachman (Singh et. al, 2006).

This approach

computed values for acceleration at the roof that were inconsistent with data recorded
from instrumented buildings, but the authors hypothesized that the discrepancies were the
result of inaccurate estimates of the fundamental period of the instrumented structures
(Singh et. al. 2006). This approach was later modified due to the results of a study by
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Drake and Bachman (1996), which used recorded data from instrumented buildings to
determine actual amplifications of acceleration along the height of the structure.

This

data is shown in Figure 4.3.1-1, where the amplification of the PGA is shown on x-axis
and the relative height is shown on the y-axis. It is evident from the figure that given
certain conditions, the amplifications along the height can reach large values of peak
floor acceleration, especially at the roof of the structure. Drake and Bachman (1996)
concluded that nearly all of the peak floor accelerations from instrumented buildings used
in the study (over 400 data sets) could be capped by assuming that the amplification of
the PGA at the roof is equal to 4. This result prompted NEHRP to modify the provisions
to account for this large amplification, which resulted in the current factor found in
ASCE 7, which assumes an amplification of 3 at the roof, which caps the majority of
accelerations used in the Drake and Bachman study.

It has since been shown in several studies (Reinoso and Miranda, 2007, Singh et. al.
2006, Medina et. al 2006) that the amplifications to the PGA at the roof of the structure
can be attributed to higher mode effects, which were not considered in the Drake and
Bachman study. Additionally, even though the Drake and Bachman (1996) study used
recorded accelerations from instrumented buildings to determine a cap for peak floor
accelerations, the approach does not discern between buildings using different lateral
force resisting systems, different fundamental periods, levels of inelasticity in the main
structure, or variation in earthquake intensities.

As a result, the approach does not

consider the resulting behavior of peak floor accelerations in a structure given these
conditions.
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This study uses time history analyses to evaluate the A S C E 7 amplification factor
(comparing PFA/PGA from the analyses to (1 + 2 (z/h)) along the height of the structure)
and peak floor accelerations (comparing recorded PFAs from the analyses to 0.4 SDS (1 +
2 (z/h))) and includes the effects of inelasticity of the primary structure.

AVERAGE SCALE FACTOR <A>AFL)

Figure 4.3.1-1 Observed In-structure Amplification Factors
(from Drake and Bachman, 1996)

4.3.2 Component response amplification factor, a p

The component amplification factor, a p , is intended to include the effect of component
flexibility (and therefore its ability to amplify peak floor accelerations).

This factor

accounts for the dynamic amplification of the NSC acceleration response, especially near
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resonance, when the period of vibration of the component, Tc, is close to any of the
modal periods of the primary structure. The value of a p in the design of NSCs and their
attachments depends on the period of the component, Tc-

The code distinguishes

between rigid and flexible components by their period of vibration, with Tc < 0.06
seconds defining a rigid component, and Tc > 0.06 seconds defining a flexible
component. However, the period of vibration is not readily available for most NSCs. To
address this issue, ASCE 7 provides a listing of several classifications of components and
a suggested value of a p to use with the design formula. Although the list includes several
component types, including interior partition walls, cantilever elements, exterior
nonstructural wall elements, veneer, signs, etc, it is neither practical nor possible to
include NSCs of all types. To this end, the code suggests the use of a p = 1.0 for rigid
components, and a p = 2.5 for flexible components when the component type is generic
and is not listed in the tables. It should be noted that the a p value does not explicitly
consider the dynamic characteristics of the structural system, the proximity of the
component period to any of the modal periods of the primary structure, or the impact of
inelasticity in the primary structure.

Additionally, although the location of the

component within the primary structure is indirectly addressed in terms of amplifications
to PGA, the location of the component within the structure is not explicitly considered in
the determination of the factor a p .

Medina et. al. (2006) studied these effects on elastic structures for moment resisting
frames, using response history and floor response spectra analyses to approximate a p =
Sac / PFA. The study considered variations in fundamental period, component damping
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ratio, and resonance of the component with either of the first two modal periods of the
moment resisting frames.

Results of the study indicated that ap values consistently

exceed the code prescribed value of 2.5 when the component was in tune with either of
the first two modal periods of the primary structure. Despite these results, the evaluation
of the code equation in this study assumes a value of 2.5 for comparison with analytical
results to evaluate the validity of component acceleration values determined using the
equation in its entirety, as Sac = F p / W p . The Sac values resulting from the floor response
spectra method are compared to ASCE 7 estimates of component accelerations.

4.3.3 Component response modification factor, R p

The component response modification factor is intended to account for the deformability
of the component, and therefore the degree to which the component can dissipate energy
through inelasticity. The factor ranges from 1.0 for components assumed to remain in the
elastic range and do not deform under loading, such as fasteners, to 12.0 for components
that can deform substantially during an event, such as piping or ductwork. Values of R p
are listed in a similar fashion as ap values in tables that list several types of components.
Values for R p for generic components (i.e. those not listed in the tables) range from 1.5 to
3.5. The categorization of components for assignment of R p values is not specific and
does not provide guidance regarding the classification of a component as low (Rp = 1.5),
limited (Rp = 2.5), or high deformability element (R p = 3.5). In this study, as NSCs are
modeled as elastic SDOF systems, the components are not allowed to dissipate energy
through elastic action, and are assigned a response modification factor of 1.0.
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4.3.4 Component importance factor, I p

The component importance factor, Ip, is meant to represent the life safety implications of
the component, the importance of the component with regards to required functionality
during seismic events (i.e. sprinkler systems), as well as the hazard implications of the
component. The value of Ip ranges from 1.0 to 1.5, and is to be taken as 1.5 if any of the
following conditions apply:
1) The component is required to function for life-safety purposes after an
earthquake, including fire protection sprinkler systems.
2) The component contains hazardous materials.
3) The component is needed for continued for continued operation of the facility or
its failure could impair the continued operation of the facility.

Aside from these conditions, the code prescribes an importance factor of 1.0.

The

components assessed in this study are assumed to have a component importance factor of
1.0, therefore requiring no amplification of force/acceleration demands.

4.4 In-structure Acceleration Amplification

The purpose of this section is to evaluate the validity of the assumption that the peak
ground acceleration varies linearly along the height of the structure, as assumed in ASCE
7. This estimate of the amplification of peak ground acceleration is essential in the
accurate quantification of component acceleration demands, as inadequate estimates of
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this ratio compromise the ability to estimate NSC accelerations using this PFA estimate
(PFA = 0.4 SDS (1 + 2(z/h))). Estimates of PFA using this method are evaluated in the
next section. This section is meant to evaluate the in-structure amplification factor (1 +
2(z/h)) independently.

The in-structure acceleration amplifications are computed by recording peak floor
accelerations for each simulation and normalizing it by the peak ground acceleration of
the (scaled) peak ground acceleration.

The distribution of normalized peak floor

accelerations is plotted for different levels in inelastic behavior measured by the relative
intensity, defined in Chapter 2 as RI = Sa(g)Ay.

These estimates of in-structure

amplification are plotted against their location within the structure, which is represented
in ASCE 7 as (z/h) in Equation 3.

It is noteworthy to point out that as these plots

represent medians from the responses of the 40 ground motions, 50% of the PFA/PGA
estimates exceed those shown in the figures. These median PFA/PGA results are shown
in Figures 4.4-1, 4.4-2, 4.4-3, 4.4-4, and 4.4-5 for structures of various heights and
fundamental periods. Within each of the figures, the stiffer structures are shown at the
top of the page, and structures increase in flexibility toward the bottom of the page

4.4.1 Amplifications at the bottom of the structure

While the ASCE 7 estimate of in-structure amplification provides a cap for many of the
shear wall structures used in this study, the median amplifications of PGA at the second
floor level of the structure exceed the ASCE 7 estimates under certain circumstances.
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The degree to which the ASCE 7 estimate is exceeded depends on the height of the
structure, the level of inelasticity of the structure, and the relative stiffness (0.05N,
0.075N, 0.1N) of the structure. The ASCE estimate is more likely to be exceeded at the
second floor level if the structure is relatively stiff (i.e. TBI = 0.05N), and is more likely
to exceed the code estimate for taller structures in which higher mode effects may be
significant. For short structures (i.e. 3 story, shown in Figure 4.4-1), the code estimate of
the amplification is adequate and essentially caps the median amplification at the second
floor level for all cases regardless of structural period or level of inelasticity. However,
for the stiffest 3 story structure, the median PFA/PGA slightly exceeds the code estimate
by a small margin. This trend is evident for all of the structures, especially with
increasing height.

For moderately tall structures (i.e. 6 and 9 story structures), dynamic analysis estimates of
median amplification exceed code estimates when the structure is relatively stiff, as with
the 3 story structure, and is more likely to occur with slight inelasticity (i.e. RI = 2, 4).
This trend becomes more obvious with the taller structures (12 and 15 stories), where
amplifications from each of the inelastic runs exceeds the code estimate for all 6 cases,
and substantially exceeds the code estimates at the second floor level for the stiffer
structures.
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Figure 4.4-5. 15-Story In-structure Amplification Factors vs. ASCE 7 Estimate
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Figure 4.4-2. 6-Story In-structure Amplification Factors vs. ASCE 7 Estimate

Figure 4.4-5. 15-Story In-structure Amplification Factors vs. ASCE 7 Estimate
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Figure 4.4-5. 15-Story In-structure Amplification Factors vs. ASCE 7 Estimate
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Figure 4.4-5. 15-Story In-structure Amplification Factors vs. ASCE 7 Estimate
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At the second floor level of the structure, it is evident that the ASCE 7 estimates of the
in-structure amplification are not representative of the manner in which the structure
responds. This behavior can be attributed to the over-simplification of the problem in the
code equation; the equation does not explicitly consider factors that would cause this
behavior, such as the fundamental or higher mode periods of the building, the level of
inelasticity in the structural response, or the type of lateral-force resisting system. This
trend is also observed for the mid-height and roof levels of the structure, which is
addressed in the next section.

4.4.2 Amplification at mid height and roof level of the structure

As with the amplifications at the base of the structure, ASCE 7 estimates of in-structure
amplifications provide a cap at the roof level for shorter (3- and 6-story) structures.
Similar to the responses at the bottom part of the structure, median dynamic estimates of
the in-structure amplification typically exceed the code estimate for taller structures (i.e
N

> 6 stories) and relatively stiff structures ( T B I

= 0.05N).

Furthermore, at the roof level,

the code estimate is exceeded for structural systems that exhibit either elastic (RI = 0.5),
or only slightly inelastic (RI = 2) responses.

It appears that at the roof level, the code estimate provides adequate maximum estimates
of median PF A/PGA when the structure responds in its fundamental mode.

The

contribution of higher mode responses is not significant for the 3- and 6-story structures,
and ASCE 7 estimates generally bound the median amplifications in these instances.

I l l

However, taller structures (N >9) are more susceptible to higher modal responses, and
experience larger values of PFA/PGA near the roof level of the structure.

This is

consistent with the results presented by Singh et al. (2006), which concluded that larger
amplifications occur at the roof due to the responses of higher modes. This effect causes
median PFA/PGA amplifications to exceed ASCE 7 estimates for elastic, and slightly
inelastic structural wall systems. This effect is also more pronounced with increasing
stiffness for highly inelastic structures. The median ratio of PFA/PGA increases by about
50% between the mid height and roof levels for the 9, 12, and 15 story structures. This
effect is evident for these structures even with highly inelastic behavior. This is not the
case for the 3- and 6-story structures, where the amplification of PFA/PGA between the
mid height and roof level is only noticeable for elastic (RI = 0.5) or slightly inelastic (RI
= 2) systems. For the 3- and 6- story structures, increasing inelasticity causes the ratio to
approach unity, and even decreases acceleration demands in some cases (i.e. the 3 story
structure).

These conclusions agree with the observations made by Medina et. al. (2006) for moment
resisting frames, which showed that shorter frames (3 story) exhibit a PFA/PGA ratio that
is close to linear for elastic frames, with the ratio becoming more uniform along the
height with increasing inelasticity.

However, the magnitude of PFA/PGA at the roof

level can vary between shear wall and moment resisting frame structures, indicating that
the type of lateral-load resisting system should be considered in design. Because both
studies incorporated 9-story structures with a fundamental period of 0.9s, this example
will be used to demonstrate the effects of varying the lateral load resisting system.
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Results obtained from the Medina and Sankaranarayanan (2006) study are shown in
Figure 4.4-6. The ratio PFA/PGA at the roof level for shear wall structures are 20%
greater than those for moment resisting frames for the elastic case.

With increasing

inelasticity (RI = 4), the ratio at the roof level is nearly 100% greater for shear walls than
moment resisting frames. Medina et al. (2006) also showed that taller structures (e.g., 18story moment resisting frames) responded with substantial increases in the ratio of
PF A/PGA near the roof level of the structure relative to the mid height of the structure. It
can also be observed that stiffer structures (0.05N vs. 0.1N for shear walls, and 0.1N vs.
0.2N for moment resisting frames) have generally larger PFA/PGA ratios between the
mid height and roof levels. For shear wall structures, this ratio increases on the order of
20 to 40% from the stiff wall to flexible walls. For the moment resisting frames in the
Medina et al (2006) study, this ratio can be as high as 50%. These results highlight the
importance of considering both the type of lateral load resisting system as well as the
stiffness of the primary structure.

These effects from higher modes could explain the

data shown in the Drake and Bachman study in Figure 4.3.1-1, where data points at the
roof for PFA/PGA ratios show substantial increases from those at the second floor or mid
height of the structure.

As was the case for the results obtained at the second floor level, ASCE 7 estimates are
not representative of the manner in which the structure responds to increasing inelasticity.
In both cases (second floor level and mid height/roof level), this fact is largely due to
Equation 3 predicting the PFA/PGA ratio without explicitly considering relevant
structural parameters that influence this response. Data from this study as well as several
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others (Medina et al (2006), Sankaranarayanan and Medina (2007), Miranda and Taghavi
(2005), can provide insight and quantitative information on the factors that influence this
response and the manner in which the structures actually respond during seismic events.
Equation 3 could account for the effect of important structural parameters, such as the
relative stiffness, height of the structure, or the type of lateral load resisting system used
in the design to yield more representative estimates of PFA/PGA ratios.
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4.4.3 Conclusions regarding (1 + 2 (z/h))

It can be observed that the variation of normalized peak floor accelerations with height is
strongly dependent on the level of inelastic behavior of the shear wall structure (i.e. RI
value), as well its relative stiffness. For a given structure, as the level of inelastic
behavior increases, the normalized peak floor acceleration demands become more
uniform along the height, especially for shorter structures that respond primarily in the
first mode. For taller structures, higher modes increase the ratio of PFA/PGA beyond the
ASCE 7 estimate near the roof of the structure (when the structure responds elastically, or
with low levels of inelasticity), as well as the ratio at the second floor of the structure
(with high levels of inelasticity). It is evident from Figures 4.4-1 through 4.4-5 that the
linear variation of the in-structure floor acceleration amplification factor suggested in
ASCE 7 is not representative in most cases of the actual variation obtained from dynamic
analysis results; even if the ASCE 7 estimate is meant to provide a cap, it is not always
conservative, as the results shown in the figures correspond to median estimates.
Additionally, the type of lateral load resisting system can cause these amplifications to
vary in magnitude, especially at the roof level, and should be considered.

4.5 Peak Floor Acceleration (PFA) Demands

Peak floor acceleration demands are important in the estimation of component
accelerations because PFAs provide the acceleration demands for infinitely stiff/rigidly
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attached NSCs. Therefore, an accurate estimate of PFA provides the "anchor" point for
floor response spectra, as similar to the PGA of a typical response spectrum.

The results shown in the previous section for the in-structure amplification factor do not
provide information regarding the magnitude of the PFA demands with reference to the
code estimate given as 0.4 SDS (1 + 2(z/h)). This section deals with the comparison of
PFA demands obtained through dynamic analyses for a specific site in Los Angeles, CA
to the demands estimated using Equation 3.

The data shown in Figure 4.5-1 presents information regarding the ratio of the PFAs
determined through dynamic analyses to corresponding ASCE 7 estimates with a given
relative intensity for each of the 3-, 9-, and 15-story structures. As the structures were
designed with a response modification factor, R, equal to 4, a relative intensity value of 4
can be interpreted as the design case for the structures. In other words, the structures are
designed assuming an elastic response, and the resulting strengths are reduced by the
response modification factor to account for the ability of the structure to dissipate energy
through an inelastic deformations. As a result, the models in this study are designed to
withstand ground motions represented by RI = 4 in an inelastic manner. Results are
shown for the second floor and roof levels for each of the structural models used in this
study.
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Figure 4.5-1. Median PFA Normalized by ASCE 7 Estimate

At the design ground motion level (RI = 4), median ratio of PFA to the ASCE 7 PFA is
highly dependent on the location of the component within the building, as well as the
fundamental period of the structure. In this case, ASCE 7 PFA estimates are adequate as
a representation of the maximum PFA demand for the design earthquake intensity at the
roof level of the structure. For fundamental periods that are short (i.e. T B I < 0.5s), the
code estimate overpredicts the peak floor accelerations near a factor of 2 for the design
case (RI = 4), but with increasing fundamental period, ASCE 7 estimates are very close
to the median PFA values.

With increasing earthquake intensity (RI = 6), the code

estimates of PFA are smaller than the median PFA accelerations at the roof of the
structure, especially with increasing fundamental period.
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Similar to the roof level, the code estimates over predict the accelerations experienced for
short-period structures at the second floor level. However, with increasing, fundamental
period, median estimates of PFA are substantially greater than their corresponding ASCE
7 estimates. When the relative intensity increases beyond the design case, the potential
for the code equation to underestimate PFA demands is far greater; in some cases the
median PFA estimates are nearly double those of the code.

4.5.1 Combined impact of PGA estimation and in-structure amplification factor

The discrepancies between the PFA given by the dynamic analyses and the PFA
estimated by ASCE 7 can be explained through the combination of the in-structure
amplification factor and the estimate of the peak ground acceleration. This evaluation is
appropriate as the ASCE 7 equation represents PGA as 0.4 SDS and obtains estimates of
PFA by multiplying this PGA by the in-structure amplification factor, ( 1 + 2 (z/h)).

Median PGA values obtained through the scaled ground motions used in this study vary
by the fundamental period of the structure because each value of RI is dictated by the
scaling of the spectral acceleration at the first mode period of the structure. The design
case of RI = 4 yields PGA values that exceed the code estimate by nearly as much as 50%
for higher fundamental frequencies.

The median PGA normalized by the ASCE 7

estimate is shown in Figure 4.5.1-1 for several RI values.
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Figure 4.5.1-1. Median PGA Normalized by ASCE 7 Estimate (Median PGA/0.4 S DS )

With reference to the evaluation of the in-structure amplification factor in the previous
section, several conclusions can be drawn regarding the ASCE 7 PFA estimate of 0.4 SDS
( 1 + 2 (z/h)). Data for PGA estimates for the design case of RI = 4 can be combined with
dynamic in-structure amplifications for the same intensity to help explain the magnitude
of the resulting PFA estimates. Several of these combinations will be used to explain the
trends shown in Figure 4.5-1. For example, for a longer period structure (9 story, T B I =
0.9s) at the roof level for the design case (RI = 4), ASCE 7 estimates are close to the
median PFA values obtained from analysis.

The in-structure amplification factor

obtained from response history analyses is approximately equal to 2.0, and the median
PGA for this case is 0.6g. The product of these values yields the estimate of the median
peak floor acceleration, which is about 1.2g. For the same case, the code uses a PGA
value of 0.42g, which is based on seismic hazard information at the site. This value is
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amplified by a factor of 3 at the roof level, yielding a PFA at the roof of 1.26g. The ratio
of median PFA to ASCE 7-PFA is equal to 0.95, as shown in Figure 4.5-1. However,
while the code estimate appears to be adequate in this case, the proximity of the code
estimate to the median PFA result is attributed to the code overestimating the in-structure
amplification factor, combined with the smaller estimate of the peak ground acceleration
relative to the dynamic analysis, and not because the code provided an appropriate
quantity for PFA. This is not to say that the code estimate of PGA is inaccurate, only that
the code estimate for PFA would not have provided the same results as the dynamic
simulations given the same median PGA.

The implications of this result is more evident for a similar structure (15 story, TBI =
0.75 s) at the second floor level. In this case, the dynamic analysis results indicated that
the in-structure amplification factor at the second floor is equal to 1.29, and the median
peak ground acceleration is approximately 0.54g, which is greater than the PGA of the
code estimate for the site. This results in an estimate of PFA of about 0.7g. ASCE 7
estimates the PGA as 0.42g, with an amplification factor of 1.13, yielding a PFA estimate
of 0.47g. As shown in Figure 4.5-1, the ratio of the dynamic result to the code estimate is
nearly 1.5. In this case, the amplification factor and PGA estimates do not "balance"
each other to obtain results similar to the dynamic tests, and actually increase the
difference between the estimates. This is also a by-product of scaling of ground motions
to the spectral acceleration value at the fundamental period of the structural system.
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These examples illustrate the importance of including each of the parameters evaluated in
this study. The ASCE 7 design equation relies on an in-structure amplification factor
that, due to several limiting assumptions, does not always represent adequate structural
responses given structures of various characteristics. Through the explicit consideration
of several parameters (such as the type of lateral load resisting system or stiffness of the
primary structure), the distribution of responses obtained from response history analyses
provides a more accurate picture of the response in a probabilistic manner, and is more
capable of appropriately expressing actual responses.

4.5.2 Conclusions regarding PFA estimation

The differences between the PFA estimates outline several drawbacks to the current
method used in their estimation.

Additionally, shortcomings in the in-structure

amplification factor of ASCE 7 can be attributed to the simplicity of the factor and the
fact that it does not account for several parameters that control its response. As shown in
Figure 4.4-1 through 4.4-5, the responses can vary greatly depending on the level of
inelasticity of the primary structure, the height of the primary structure, and the stiffness
of the structure. Furthermore, the impact of these factors on the shape of the in-structure
amplification factor change depending on the type of lateral load resisting system, as
substantiated through data obtained by Medina et. al. (2006) for moment resisting frames
and data for shear wall structures obtained in this study (See Figures 4.4-1 through 4.4-5
and section 4.4.2). The ASCE 7 equation was determined without explicitly taking these
factors into consideration; the equation (shown in Figure 4.3.1-1) only intended to
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provide a cap on this amplification given responses from instrumented buildings, the
structural parameters of which were neglected in the analysis. Greater focus should be
placed on understanding the impacts of each of these structural factors to determine the
impacts each have on the structural response so that more appropriate design estimates
can be obtained.

4.6 Peak Component Acceleration Demands

Peak component acceleration demands (PCA or Sac) are important to estimate the
maximum

acceleration

demands

experienced

by

flexible

acceleration-sensitive

components. These demands are calculated using the floor response spectrum method
described in Chapter 2. This section builds on the previous sections by evaluating the
ASCE 7 equation (Equation 3) in its entirety, including the estimate of PGA and the instructure amplification factor as described in previous sections. Results presented in this
section reflect the amplification of component responses due to resonance with the
primary structure, as represented in the code equation by the factor a p .

This factor

approximates the degree to which the floor accelerations are amplified for a given
component, and varies depending on whether the component is rigid or flexible. All
results in this section refer to flexible components, with periods of vibration greater than
0.06s (components less than this cutoff are defined as rigid components).

As previously stated, the ASCE-7 estimates given in this section are based on a
component importance factor, Ip, equal to 1.0, as well as a component response
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modification factor, R p , equal to 1.0 as the components remain linear elastic and do not
dissipate energy through deformation. As was the case for the in-structure amplification
factors as well as for the PGA and resulting PFA estimates, it is shown in the following
sections that in some cases the code equation does not appear to be adequate as it does
not account for structural and nonstructural parameters that have substantial impacts on
the NSC acceleration response. These observations are consistent with a study conducted
by Medina and Sankaranarayanan (2007) for moment resisting frames, which indicated
that the following factors should be taken into consideration for design of NSCs: the first
and higher mode periods of the primary structure, period of the component, ratio of the
component period to that of the primary structure, location of the component within the
structure, and the level of inelasticity in the primary structure.

While all of the results in this section depict simulations with 5% damping for the
structure and NSCs, research has indicated that damping for components may be less than
5% as discussed in Chapter 2.

This fact may have important implications because

smaller damping ratios correspond to much larger estimates of peak component
acceleration responses as shown in subsequent sections of this chapter.

The impact of these factors is discussed based on data shown in Figures 4.6-1 through
4.6-5. These figures show median peak component acceleration (PCA or Sac) demands
for the flexible version of each building model (TBI = 0.1N) at each of the relative heights
(second floor, mid height, and roof level).

Additional information for each of these

models (effective modal masses, base shear coefficients, etc) is given in section 2.3. The
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FRS for each of the structures (3 through 15 stories) is shown to illustrate the behavior
with increasing fundamental period at each relative height. Each of the curves in the
figures represents a median floor response spectrum with a given relative intensity, which
ranges from RI = 3 (slightly below the design case) to RI = 6 (earthquake intensity
beyond the design level of 4). Each of the floor response spectra are compared to the
ASCE-7 estimates of PCA, which vary based on the location of the component within the
structure due to the in-structure amplification factor.
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Figure 4.6-5. 15-Story PCA Demands vs. ASCE 7 Estimate

4.6.1 Ratio of Tr/T R)

The floor response spectra shown in Figures 4.6-1 through 4.6-5 indicate that the
acceleration response of the component is very sensitive to the ratio of the component
period to the period of the primary structure.

This effect was taken into account in

Chapter 2 by dividing components into regions of the floor response spectra as a function
of this ratio. It is evident in the figures that with increasing relative intensity, the
component acceleration behavior is substantially different for components in tune with
higher modal periods (Tc/TBi < 0.5) than for components in tune with the fundamental
period (0.5 < T c /T B i < 2.0).

When the component is in tune with the fundamental period of the structure, component
responses tend to saturate and reach a cap with increasing relative intensity. For taller
structures, this cap occurs at smaller levels of component acceleration, and in some cases
the amplifications near the fundamental frequency are practically nonexistent (Figure 4.65). For example, when the Tc/T B] ratio is close to 1.0 (component in tune with the
fundamental period) for the 15-story structure, the saturation occurs at about lg at the
roof level, but for the 3- or 6-story structures, this cap does not occur until about 2g. This
can be attributed to the frequency content of the ground motions exciting the fundamental
frequency of longer period structures to a lesser degree than structures with shorter
periods. Additionally, it is well known that inelasticity reduces acceleration demands for
components with periods of vibration near the fundamental frequency (Sankaranarayanan
and Medina, 2007, Rodriguez, 2002).
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This behavior is not present for components in tune with higher modal periods of the
primary structure. Component acceleration responses increase with relative intensity for
components responding to second- and third-mode periods of the primary structure. This
behavior is observed for all floor response spectra shown in Figure 4.6. In this case,
larger component accelerations are recorded for taller, more flexible structures rather than
shorter, stiffer structures as was the case for resonance with the fundamental period. This
behavior can be attributed to increase contribution of higher modes to the overall
response of a taller, more flexible structure. For example, a TBI = 1.5s structure has a
second mode period of 0.24 seconds, which will be excited by the ground motion
frequency content in a similar manner to the first mode period of a TBI = 0.3s structure.

The variation in behavior across all values of TC/TBI indicates that design estimates of
component accelerations/strength should take into account this ratio, which is not
currently the case.

ASCE 7 estimates assume a constant a p value to account for

resonance between flexible component and the structural system. It is clear from Figure
4.6-1 through Figure 4.6-5 that the acceleration response varies substantially depending
on the proximity of its period of vibration to that of the primary structure.

Based on the results produced in this study, ASCE 7 estimates are close to the median
PCA demands obtained near the bottom of the structure for the design case (RI = 4);
when the structure is stiff (Figure 4.6-1); and when higher modal responses are not
significant. However, as the height and flexibility of the structure increases, the influence
of higher mode effects causes the acceleration response to be severely underestimated by
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the code equation.

Considering the 15-story structure, the component acceleration

response obtained through dynamic analyses is almost 2.5 times the ASCE 7 estimate.
This discrepancy is greatest for components located at the roof of the structure, where
acceleration demands slightly exceed those at the mid height.

The location of the

component within the structure, the relative height, is discussed in more detail in the
following section.

4.6.2 Location of the Component within the Structure

The impact of the ratio of TC/TBI on component acceleration demands varies depending
on the location of the component within the structure (i.e. relative height). While ASCE
7 accounts for the height of the structure using the in-structure amplification factor, (1 +
2(z/h)), the variation in component amplification relative to the PFA is not addressed.
The factor that accounts for component amplifications, a p , is constant regardless of the
location of the component along the height, and changes based on whether the component
is classified as rigid or flexible. The factor has a maximum acceleration amplification of
2.5 relative to the peak floor acceleration, which is included in the estimation of ASCE 7
estimates shown in Figures 4.6-1 through 4.6-5.

It is evident from the floor response spectra shown in Figure 4.6-1 through 4.6-5 that the
component response varies depending on the location within the height. This fact is most
noticeable with components located at the second-floor level being compared to
responses for components at the roof level. While some insight can be gained through
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inspection of floor response spectra in these figures, a more thorough understanding of
the impact of location along the height of the structure can be realized through the
investigation of the component amplification factor, a p . This factor is evaluated through
comparison with the amplifications obtained from response history analyses. Dynamic a p
values are approximated as ap, dynamic = S a c / PFA. These values are computed for a range
of T C / T B I values, and are shown for the 3-, 9-, and 15-story structures in Figure 4.6.2-1
for an RI = 4 (design case), which have TBI = 0.3s, 0.9s, and 1.5s, respectively.

It is clear from Figure 4.6.2-1 that component acceleration amplifications relative to
PFAs vary considerably across values of TC/TBI as well as between relative heights. For
the shorter, stiffer 3-story structure, larger amplifications are noticeable near higher
modal periods of the structure.

Amplifications to the PFA slightly exceed ASCE 7

estimates at the roof level and at the mid height of the structure. Near the fundamental
period, however, only the amplifications at the roof level exceed the code estimate. This
is not the case for the taller, more flexible structures (9 and 15 stories), as the
amplifications near the first-mode period are far below the assumed value of 2.5.
However, considering higher mode effects, the amplifications at the roof and at the mid
height substantially exceed the code estimate of 2.5. The amplifications relative to the
PFAs for both the 9- and 15-story structures exceed a value of 4.0 if the component is
located at the mid height of the structure and is in tune with one of the higher modal
periods of the structure. Similarly, component accelerations located at the roof level are
amplified by factors of 3.4 and 3.7 for components within 9- and 15-story structures,
respectively.
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Dynamic a p Estimates, 3 Story

Dynamic a p Estimates, 9 Story

Dynamic a p Estimates, 15 Story

Figure 4.6.2-1. Dynamic Component Amplification Factors

It is clear from these figures that the location of the component within the primary
structure can greatly influence its acceleration response. The ASCE 7 design equation
does not consider the location of the component within the structure outside of the instructure amplification factor to estimate PFA. The use of a component amplification
factor that is constant and does not account for location does not appear to be adequate,
especially when the primary structure is tall and the component is in tune with higher
modal frequencies as shown in Figure 4.6.2-1.

These results are representative of

structural responses not shown in the figure, with taller, more flexible structures
exhibiting greater high mode responses and shorter, stiffer structures responding in both
significantly when components are in tune with first and higher modal periods.

4.6.3 Comparison of ASCE 7 PCA acceleration demands with probabilistic
estimates for a site in Los Angeles, CA

The peak component acceleration demands given by the ASCE 7 design equation are
compared to the acceleration estimates determined through the probabilistic methodology
described in Chapter 2 for a site located in Los Angeles, CA. While the ASCE 7 design
equations are not meant to correspond to a specific level of hazard, this section intends to
compare the design accelerations to probabilistic estimates of peak component
acceleration demands in order to evaluate the reliability level of code-compliant estimates
of peak component accelerations for the site under consideration. Figure 4.6.3-1 shows
CUHS plots for each relative height for components in the fundamental-period region. It
is important to note in these plots that the code acceleration for a given site and structure
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only varies in the plots due to the slight change in the value of (1 + 2(z/h)) near the base
of each structure. As discussed in Chapter 3, most comparisons are made considering the
50/50 hazard level. This hazard level is most appropriate for many components, for it
corresponds to a mean return period of 72 years.

Considering the second floor and mid height of the structures, ASCE 7 acceleration
estimates provide an upper bound value in most cases, even when considering the 10/50
hazard level (i.e., with a mean return period of 475 years). However, at the roof level, the
code estimate does not cap the probabilistic estimates for structures with fundamental
periods less than 0.9s. This is important because as discussed in Chapter I, NSCs can
contribute to a substantial portion of property or financial losses, and can lead to the loss
of functionality of important structures. In concept, in order to minimize and estimate
these losses, the design of nonstructural components and their attachments should be
associated with certain performance targets. For example, if the performance target for a
relatively flexible (FPR) component was associated with the the 50/50 hazard level of
peak component acceleration responses, the component demands could be under
predicted by approximately 50% in some cases. If the component were housed within an
important structure such as a hospital, the performance target would correspond to an
even higher hazard level, and could lead to significant underestimation of design forces.
This potential underestimation of peak component acceleration demands could have
contributed to the exorbitant property losses seen in recent earthquakes, such as the 1994
Northridge earthquake, as discussed in Chapter I.
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138

For components in the short-period region, ASCE 7 estimates tend to underestimate PCA
demands, unlike estimates within the FPR for the second-floor level or mid height. At
the second-floor level, ASCE 7 estimates bound the accelerations at each hazard level
(10/50 through 50/50) for stiffer structures, but only caps the 50/50 level for taller, more
flexible structures. The greatest discrepancy is realized for SPR components at the mid
height and roof level of the structure. Even considering the 50/50 level only, the code
caps the probabilistic estimates of PCA demands only for structures with fundamental
periods less than 0.5s. The substantial difference between the 50/50 level and the ASCE7 estimates indicates that components with periods in the vicinity of the higher modal
periods of the supporting structure may in some cases be designed with a smaller
reliability than components in the fundamental-period region.

4.6.4 Dispersion of component spectral acceleration responses

It is important to note that each of the figures shown in this chapter represent median
values. As such the evaluation of ASCE 7 is carried out through comparison with median
results for the assessment of the in-structure amplification factor, as well as the
evaluation of estimates of S ac and a p . From figures 4.4-1 through 4.4-5, it is evident that
even when the ASCE 7 in-structure amplification factor appears to cap amplifications, it
may be exceeded by a fraction of the dynamic simulation results.

This behavior is

represented in Figure 4.4-3, which shows the in-structure amplification factor for a 9story, TBI = 0.9s structure. In the elastic case for RI = 0.5, the ASCE 7 estimate appears
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to represent the results of this study accurately, but as the curves represent median values,
50% of the dynamic simulation results exceeded the code estimate.

Similarly, for the PCA results shown in section 4.6, each of the curves represent median
values for varying levels of relative intensity.

Figure 4.6.4-1 shows similar data to

figures shown in section 4.6 for an RI = 4, but identifies individual simulations (light
grey lines) as well as the 84th percentile (red) of the PCA values in addition to the median
(black). This dispersion shown in the figure are representative of those obtained for the
majority of the simulations performed in this study.

It is clear from the figure that

components may experience accelerations that are substantially greater than the median
values. In the short period region in Figure 4.6.4-1, the 84th percentile of PCA demands
exceeds the median by almost lg.

It is also evident that several of the simulations

exceeded the median by as much as 3g. These considerations also apply to estimates of
the component amplification factor discussed in section 4.6.2, which are also expressed
as median values. Considering that median Sac, a p , and PFA/PGA values obtained from
simulations exceeded the code estimate for a variety of circumstances, the degree to
which ASCE 7 estimates may be underestimating demands could be substantial.

In

addition, considering the large dispersions in results (evident in IDA plots, Figure 2.5.5-2
in Chapter 2), in some cases, the medians are exceeded by individual simulations by a
substantial margin, as can be seen in Figure 4.6.4-1.
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Figure 4.6.4-1. Variability in PCA Demands Relative to the Median, RI = 4

4.7 Summary and Conclusions Regarding ASCE 7

The methodology discussed in Chapter 2 provides several results that allow for
evaluation of the simplified ASCE 7 code equation to estimate forces on components and
their attachments through comparison with dynamic simulation results.

The equation

estimates peak component acceleration demands through the separate estimation of the
peak ground acceleration (0.4 SDS), the in-structure amplification factor (1 + 2(z/h)), the
component amplification factor (ap), along with the importance factor (Ip) and a factor
representing the deformability of the element (Rp). The in-structure amplification factor,
the PFA estimate, and the component amplification factor are separately evaluated as
well as their combined effects in the determination of a design component acceleration.
The remaining two design components (Ip and R p ) are assumed to be equal to 1.0, as the
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element is not assumed to be classified as important as defined in section 4.3.4 and the
component and its attachments are assumed to remain in the elastic range.

The results from this study demonstrate that the variation in the in-structure amplification
factor, the resulting PFA, and therefore, PCA demands are strongly dependent on several
factors that are not explicitly accounted for in the ASCE 7 equation. These factors are
identified as the level of inelastic behavior of the primary structure, the period of the
primary structure, the ratio of the component period to the modal periods of the structure,
the type of lateral load resisting system, and location of the component within the
structure. Estimates of peak floor acceleration along the height (determined through the
in-structure amplification factor) generally increase along the height and become more
uniform with increase inelasticity. For the structures, site, and ground motions under
consideration in this study, the code estimates tend to be exceeded at the bottom floors of
tall, flexible structures with fundamental periods greater than 0.6s, and at the roof level
for lower levels of inelasticity of the primary structure.

The evaluation of peak component acceleration demands demonstrates that these
demands are very strongly dependent on the ratio of the component period to the modal
periods of the structure and the location of the component within the structure.

This

conclusion is drawn from statistical evaluations of the component amplification factor, a p ,
as well as the comparison between dynamic results and the use of the full ASCE 7 design
equation.

The results indicate the even at the design level, component accelerations

exceed the code estimate of acceleration when the period of the component is near modal
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periods of the primary structure, and the difference between the dynamic results and code
estimates is greater at the roof level. This is partially explained by the use of a constant
component amplification factor in ASCE 7 that does not vary by location, which is
exceeded by a substantial margin (i.e., median value of 4.0 compared to ASCE-7 value of
2.5 in some cases) for taller structures when the component is near higher modal periods
of the structure.

The ASCE 7 design equations are also compared to the probabilistic estimates obtained
using the methodology described in Chapter 2. However, it is evident that in many cases
(particularly in the short-period region), the ASCE-7 estimates of maximum acceleration
demands are much smaller than the probabilistic estimates of peak component
acceleration demands obtained in this study. It is anticipated that a design equation
should incorporate the effects of each of the parameters (including the modal periods of
the primary structure, component period, ratio of the period of the component to the
period of the primary structure, the type of lateral load resisting system, or the location of
the component within the structure) identified in this chapter to more accurately reflect
actual component responses an facilitate the implementation of performance-based
design approaches that deals with performance targets not only associated with life safety
but also property or financial losses.

Overall, these results suggest that the simplified ASCE 7 equation used to estimated peak
component strength demands would benefit from including explicitly the contribution of
factors such as: the period of the primary structure, the ratio of the period of the
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component to that of the primary structure, the location of the component within the
structure, the level of inelasticity in the primary structure, and the type of lateral load
resisting system. In addition, it is observed from the comparison of ASCE-7 estimates of
PCA demands and CUHS that the code does not provide a consistent reliability level
when it comes to estimating maximum component acceleration (strength) demands.
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CHAPTER V

SUMMARY AND CONCLUSIONS

This research focuses on understanding and quantifying peak acceleration/strength
demands for acceleration-sensitive nonstructural components attached to or suspended
from inelastic shear wall structures. As discussed in Chapter I, this study has three main
objectives:
1) To develop a probabilistic methodology to quantify peak component acceleration
demands by taking into account the aleatory variability in the process,
2) To use this method to identify probabilistic acceleration demands in the form of
component uniform hazard spectra (CUHS), and
3) To use results obtained using the methodology to evaluate ASCE 7 estimates of
seismic lateral loads in order to identify potential inadequacies.

The first objective concerns the development of a probabilistic methodology used to
quantify peak component acceleration (PCA) demands associated with a constant seismic
hazard level, i.e., a constant annual probability (or mean annual rate) of exceedance. The
methodology used in the probabilistic quantification of PCA demands incorporates the
record-to-record variability inherent in seismic responses. In order to achieve this goal, it
is necessary to identify the most important structural and nonstructural parameters that
control the responses of NSCs housed within shear wall structures.
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The second objective of the study is to use the probabilistic estimates of PCA demands to
estimate CUHS. CUHS can be thought of as a spectrum that relates the PCA demands
with a given mean annual rate of exceedance with the fundamental period of vibration of
the primary structure. Component uniform hazard spectra are developed in this study for
a variety of combinations of structural and nonstructural parameters such as: the
fundamental period of the structural wall system, the period of the component, the ratio
of the component period to the fundamental period of the structure, component damping
ratios, the level of inelasticity of the structure, the location of the component within the
structure, and the hazard level of interest.

The third objective is addressed through the use of response history analyses to evaluate
the estimation of design lateral forces for NSCs and their attachments based on current
ASCE-7 design provisions for a representative site located in Los Angeles, CA. Various
factors included in the ASCE-7 design lateral force equation are evaluated: the instructure amplification factor, component amplification factor, as well as the total peak
component acceleration values predicted by the ASCE-7 design equation.

The code

estimates are also compared to probabilistic estimates to assess the level of reliability of
the code-complaint estimates for the structures and site conditions used in this research.
The most salient findings from this study are summarized next.
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5.1 Probabilistic Methodology and Component Uniform Hazard Spectra

The probabilistic methodology developed in this study incorporates the effect of several
structural and nonstructural parameters in the estimation of PCA demands. This
methodology is carried out for NSCs attached to structural wall systems number of
stories ranging from 3 to 15 (N = 3, 6, 9, 12, and 15) for a stiff-soil site in Los Angeles,
CA. Each structure is designed using the equivalent lateral force procedure in FEMA
450, and have structural periods equal to 0.05N, 0.075N, and 0.1N to represent a range of
structural stiffnesses for each building height.

Components are modeled as SDOF

systems with component periods that range from 0.01s to 5s with component damping
ratios equal to 1, 2, and 5%.

Response history analyses with elastic and inelastic

structural wall systems are conducted to quantify PCA demands, which are recorded for
three relative heights (second floor, mid height, and roof level) to determine the effects of
the location of the component within the structure.

Each of these structural models was exposed to a suite of 40 scaled ground motions.
These ground motions range in magnitude from 6.5 to 6.9, and are recorded with sourceto-site distances between 13 and 40 km. Floor response spectra (FRS) were developed
and the component amplification relative to the peak floor acceleration (PFA) was
quantified for three different spectral regions.

The subsets/regions are defined as the

Peak Floor Acceleration Region (PFAR, Tc -9, 0 seconds), used to represent rigidly
attached components, the Short-Period Region (SPR) (0 < T c < 0.5 T B I), and the
Fundamental-Period Region (FPR) (0.5 TBI < T c < 2.0 T B1 ), where T C is the period of the
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component and TBI is the first mode period of the structure. Inelasticity of the primary
structure is addressed by increasing the intensity of the ground motions in order to
produce inelastic responses at the base of the structural wall systems.

5.1.1 Probabilistic Methodology

The probabilistic methodology used in this study is consistent with the PBEE-2
framework discussed in Chapter 1.

The methodology can be summarized in the

following steps:
1. Conduct nonlinear time history analysis with scaled ground motions
2. Obtain floor response spectra (FRS) for each ground motion intensity level
3. Perform incremental dynamic analyses (IDA) on the component responses
4. Use IDA curves to estimate the probability of a response exceeding a given
value given certain parameters by taking into consideration the record-torecord variability in the peak component acceleration responses.
5. Combine conditional probability distributions from IDA analyses with sitespecific ground motion hazard curves to generate component hazard curves
6.

Use component hazard curves to generate component uniform hazard spectra
(CUHS).

The resulting CUHS plots in Chapter III are useful because they account for some of the
major sources of variability present in the estimation of PCA demands. CUHS are useful
because they provide information on PCA demands with a constant probability of
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exceedance in a specified period of time, e.g., 50% probability of exceedance in 50 years.
This information could be used to design acceleration-sensitive nonstructural components
and attachments with a constant reliability level (specified in terms of PCA demands). In
addition, the availability of component hazard curves in combination with seismic
fragility curves will permit the quantification of dollar losses associated with damages to
nonstructural components during earthquakes.

5.1.2 Component Uniform Hazard Spectra Results

As discussed in Chapter 3, only the trends of the CUHS are discussed in this thesis as
they were developed for a specific location and the same type of lateral load resisting
system.

The basis conclusions drawn from the trends of the CUHS plots shown in

Chapter 3 are listed below:

1) Probabilistic estimates of PCA demands are highly sensitive to the ratio of the
component period to higher modal periods of the structure. The degree to
which components represented by the FPR or SPR are excited is dictated by
the fundamental period of the structure and the frequency content of the
ground motions. Components housed in shorter, stiffer structures tend to have
larger probabilistic component accelerations in the FPR. However, with taller,
more flexible structures, the structure is excited to a greater degree in its
second mode of vibration, and components within the SPR experience large
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demands. This observation demonstrates the importance of the ratio of TC/TBI
in the component acceleration response.
2) The location of the component within the structure plays a major role in its
response and should be explicitly considered. Components experience greater
demands when they are located at the roof level.

The magnitude of

accelerations for components at the any level depends on the ratio of the
component period to the modal periods of the primary structure. Considering
the FPR, PCA demands for components located at the mid height only exceed
those corresponding to components located at the second-floor level for
relatively stiff structures, and second floor component accelerations actually
exceed those associated with components located at the mid height for taller
flexible structures. In the SPR, however, the second-floor accelerations are
much smaller than those at the mid height, which tend to be consistent with
the PCA estimated at the roof.
3) The component damping ratio can have a substantial impact on the
magnitudes of PCA demands, and research has indicated that component
damping may be far lower than 5%, which is assumed almost universally.
Components with 1% damping can achieve accelerations that are more than
double that of 5% damping, and a decrease to 2% damping can result in
accelerations that increase by as much as 75%. This behavior is consistent
across each relative height.
4) As one would expect, PCA demands are strongly dependent on the hazard
level of interest (e.g., 50/50) - the higher the hazard level, the larger the PCA
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demands. The degree to which the magnitude of PCA is increased depends on
the location of the component within the structure as well as the ratio of the
component period to the modal periods of the primary structure. This effect is
quantified by the ratio of the 10/50 acceleration value normalized by the 50/50
value. At the roof level of the structure, components represented by the SPR
or the PFAR exhibit much greater ratios than those associated with the FPR.
However, at the second-floor level, ratios for each component period range
are much larger than those obtained at the roof.

5.2 Evaluation of ASCE 7 simplified design equation for NSCs

The information obtained from response history, floor response, and incremental dynamic
analyses was used to assess the adequacy of ASCE-7 estimates of PCA. It was concluded
that ASCE-7 estimates would benefit from the explicit incorporation of relevant
structural and nonstructural parameters identified in previous sections. The following
conclusions are drawn from this evaluation of ASCE 7:
1) The ASCE-7 in-structure amplification factor assumes a trapezoidal distribution
of floor accelerations along the height of the structure from an amplification of 1
at the base (no amplification) and 3 at the roof. The factor was developed through
the evaluation of several data sets of recorded peak floor accelerations from
instrumented buildings.

However, this factor represents an attempt to cap

PFA/PGA values and does not consider important parameters that may have
contributed to these values such as inelasticity of the primary structure or the type
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of lateral load resisting system. Results from the study indicate that this cap could
be exceeded near the bottom of structures for the stiffer versions of inelastic, tall
structural walls, as well as at the roof level for the same structures when they
exhibit elastic behavior. Moreover, with increasing inelasticity, peak floor
acceleration demands become more uniform along the height of the structure, and
large values of PFA/PGA are rarely found.
2) ASCE-7 estimates of PFA, ([0.4 S DS ( 1 + 2 (z/h))], described in Equation 3 in
Chapter IV) are compared to response history analyses results (ASCE, 2005). For
structural walls with responses corresponding to ground motions consistent with
the seismic design level of interest, ASCE-7 estimates of PFA demands at the roof
level of the structure provide an upper bound values when compared to median
PFA demands. At the roof level, the ratio of the median PFA demands to the
ASCE-7 PFA estimate is close to unity.

This indicates that 50% of the

simulations exceeded the target design value. Similarly, for components at the
second-floor level, median PFA demands are approximately 50% larger than the
values predicted by the code equation.
3) PCA values obtained from the simplified ASCE-7 component seismic lateral load
were consistently smaller than the estimated median PCA demands when the
component is in tune with higher modal periods of the structure. This observation
is applicable to structures exposed to design-level ground motions. In some cases,
PCA demands for components in tune with the fundamental period of the
structure exceeded ASCE-7 maximum acceleration demand estimates.

PCA

demands for shear wall structures are also shown to be greatest at the roof of the
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structure, and increase in magnitude for taller, more flexible buildings, especially
when the component is in tune with higher modal periods of the structure.
4) The ASCE-7 component amplification factor, a p , does not vary with the location
of the component within the structure. For flexible components, the amplification
is assumed to be 2.5 (ASCE, 2005). This amplification is significantly smaller
than several of the amplification factors obtained as a result of this study. This
observation may also be a byproduct of the fact that the ASCE-7 value of 2.5 does
not account for the location of the component within the structure, or the stiffness
of the building.

Response history analysis results indicate that for stiffer

structures (e.g., 3-story structural wall with TBI = 0.3s), the amplification at the
roof of the structure exceeds 2.5. With increasing height and flexibility (9-story
structural wall with TBI = 0.9s and 15-story structural wall with TBI = 1.5s),
amplifications at the roof level and mid height consistently exceed 2.5 when the
component period is in tune with higher modal periods of the structure.
5) A comparison of CUHS with ASCE-7 estimates of PCA demonstrate that current
code provisions for the design of nonstructural components and their attachments
do npt provide a constant reliability level. For the structures and site under
consideration, when the component period is in tune with the fundamental period
of the structure and the component is located at the second floor or mid height, the
ASCE-7 estimates are consistent with probabilistic estimates associated with a
relatively large hazard level (beyond the 10/50 level). However, given the same
scenario and components located at the roof level, the 50/50 hazard level exceeds
the ASCE-7 estimates by as much as l g in some cases. When the component is
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represented by the SPR, the 50/50 hazard level PCA values consistently exceed
the ASCE-7 design values by margins of 100% or more. These margins tend to
increase with the relative height of the component. As a result, if it were accepted
that the 50/50 design level were appropriate for performance-based designs of
nonstructural components in buildings, in this particular case, the ASCE 7 design
estimate would vastly under predict demands for components.

5.3 Limitations of Current Study

It is important to note that the results presented in this thesis apply only to structural
models and ground motions with characteristics consistent with those described herein.
Although the shear wall structures themselves are allowed to dissipate energy through
inelastic action, the results presented in this thesis are obtained under the assumption that
components (modeled as SDOF systems) and their attachments remain within the linear
elastic range. The modeling of NSCs as SDOF systems assumes that they are attached at
a single point rather than at multiple points (such as suspended ceiling systems) which
may be out of phase with each other. Although the acceleration estimates of NSCs may
be overestimated due to these assumptions, the behavioral trends of the CUHS plots are
expected to remain consistent with the results presented in this thesis. It is also important
to note that the majority of the results presented in this thesis are median values,
indicating that 50% of the results obtained from simulations exceeded the values
presented. Additionally, although the methodology is capable of addressing modeling
uncertainties, this study addresses structural responses that account for aleatory
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variability only; it does not consider uncertainties associated with analysis models,
analysis methods or site specific seismic hazard curves.

5.4 Future Work

The scope of this study can be expanded in various directions to provide a more
comprehensive picture of the results from the probabilistic analysis. The first field of
possible future work relates to the application of the probabilistic method to several other
locations or designs through the estimation of their corresponding site-specific hazard
curves. This concept is represented by varying the factors O and D in Figure 1-3. As the
FRS method used in this study quantifies component responses for a wide range of
earthquake intensities, the simulations do not have to be reproduced to estimate demands
at a new location. Rather, the results obtained from this study for a location near Los
Angeles, CA can be used directly to evaluate probabilistic estimates for new locations as
long as the ground motions are consistent with the site and hazard levels under
consideration. Combining the FRS with hazard curves for new locations could provide
new insight into the nature of probabilistic demands with respect to changing locations.

The research can also be expanded through the development of similar CUHS plots for
various types of lateral load resisting systems.

Several studies have focused on

determining FRS responses for components attached to moment resisting frames. These
FRS can be combined with site specific hazard curves to produce component hazard
curves and CUHS for moment resisting frames. Similar studies can be performed on dual
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lateral load resisting systems. The probabilistic method developed in this study can be
used to develop similar CUHS plots for varying soil types (e.g., soft-soil sites), source-tosite distances (e.g., for near-fault, forward directivity ground motions), or earthquake
magnitudes as well. However, these applications would require new simulations to be
performed with a new suite of ground motions.

Another area of possible future work concerns the estimation of levels of acceleration
that correspond to failures of NSCs through the development of seismic fragilities for
nonstructural components in buildings. The combination of component seismic fragility
information with the data obtained from the probabilistic methodology proposed in this
study could be used to quantify the likelihood of NSC failures and their expected dollar
losses.

Each of these research goals are directly related to the implementation of the PBEE-2
framework described in Chapter I. As discussed above, this research can be expanded in
a variety of ways to provide useful data for the purpose of the development of
performance-based design and evaluation of nonstructural components. These research
efforts will facilitate the reduction of the potential for casualties, injuries, property losses
and the loss of functionality due to nonstructural component failures.
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